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Abstract 
Bacteroides species are one of the most prevalent groups of bacteria present in the 
human colon.  Many strains carry large, integrated elements including conjugative 
transposons (CTns) and mobilizable transposons (MTns).  One such conjugative 
transposon is CTnDOT, which is 65 kb in size and encodes resistances to tetracycline and 
erythromycin.  In recent years, CTnDOT has been implicated in the spread of antibiotic 
resistance among gut microbiota.  The integration and excision of CTnDOT is mediated 
by IntDOT, which has been identified as a member of the tyrosine recombinase family.  
Previous DNase I footprinting experiments demonstrated that IntDOT interacts with five 
arm-type sites, but exactly how the arm-type sites participate in the integration and 
excision of CTnDOT was not known.  I constructed site-directed mutations in each of the 
arm-type sites and tested them in in vitro integration and excision assays.  In vitro 
integration assays performed with arm-type site mutants demonstrated that attDOT 
sequences containing mutations in the L1 or the R1 and R2 or R1 and R2ʹ arm-type sites 
were defective in integration.  Substrates containing mutations in the R1 and L1 arm-type 
sites were also defective in in vitro excision, however multiple arm-type site mutations 
did not have a drastic effect on excision.  In addition, a sixth arm-type site (R1ʹ) was 
identified and determined to be required for integration and important for efficient 
excision.  These results suggest that intramolecular interactions are important for 
CTnDOT integration while the action of accessory factors is more important for excision.   
My second project has focused on the excision of another Bacteroides mobile 
genetic element, mobilizable transposon NBU1.  Unlike conjugative transposons, 
mobilizable transposons require genes encoded by a co-resident conjugative element for 
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excision and transfer into a recipient cell.  The integration of NBU1 requires IntN1, 
which has been identified as a tyrosine recombinase, as well as Bacteroides host factor 
BHFa.  Excision of NBU1 is a more complicated process, involving five element-
encoded proteins (IntN1, Orf2, Orf2x, Orf3 and PrmN1) as well as a Bacteroides host 
factor and a cis-acting DNA sequence.  Little is known about what role the proteins play 
in excision, although IntN1 and Orf2x have been shown to be the only proteins absolutely 
required for detectable excision.  Orf2x has a putative helix-turn-helix motif and interacts 
specifically with the excisive attachment site attL.  I purified IntN1 and partially purified 
Orf2x, then performed DNase I footprinting experiments with fluorescently-labeled DNA 
containing the NBU1 attachment sites attL and attR.  The results demonstrate that IntN1 
interacts with two core-type sites flanking the region of cleavage and strand exchange on 
attL and attR as well as six arm-type sites.  Two of the arm-type sites are located 
immediately downstream of the attL core, which is a unique feature of the NBU1 system.  
In vitro integration assays demonstrated that the DR1a, DR1b, DR3a and DR3b arm-type 
sites are required for in vitro integration.  In addition, we have identified one Orf2x 
binding site (O1) on attL as well as a dA+dT rich upstream element that is required for 
Orf2x interactions with O1.  Experiments are currently underway to elucidate whether 
IntN1 and Orf2x interact cooperatively when binding attL during excision.  
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Chapter 1 
Introduction 
 
MOBILE GENETIC ELEMENTS IN BACTEROIDES SPP. 
Bacteroides spp. are obligate anaerobes that comprise at least 40% of the normal 
microbiota in the human intestinal tract (19).  They live symbiotically within the gut, and 
studies examining the extent to which Bacteroides spp. and other colonic bacteria 
contribute to human health and disease are in the early stages.  Bacteroides spp. can 
break down complex plant polysaccharides and thus benefit their human hosts (95).  
Bacteroides thetaiotaomicron has also been shown experimentally to increase blood 
vessel development in the intestines of formerly germ-free mice.  The angiogenesis 
induced by B. thetaiotaomicron increases host capacity to derive nutrients (76, 95).  
Although normally harmless, Bacteroides spp. can become opportunistic pathogens if 
they escape the colon due to surgery or trauma (25, 74).  Among anaerobic bacteria, 
Bacteroides is the pathogen most frequently isolated from clinical specimens, including 
blood (25). 
 Bacteroides spp. commonly harbor mobile genetic elements, including 
conjugative and mobilizable transposons.  Conjugative transposons (CTns), also known 
as integrative and conjugative elements (ICES), are mobile genetic elements that are 
found in a variety of different bacterial species.  Although normally integrated into the 
bacterial chromosome, they can excise and transfer into recipient cells by conjugation 
(65).  Both integration and excision of CTns are catalyzed by element-encoded integrase 
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proteins, which are members of the tyrosine recombinase family.  CTns also carry genes 
required for excision, mobilization and transfer (10).  Unlike conjugative plasmids, CTns 
do not appear to replicate in bacterial hosts (65).  They can also encode antibiotic 
resistance genes, and in Bacteroides spp. they have been implicated as reservoirs of 
antibiotic resistance in the human colon (93).  The best studied conjugative transposon in 
Bacteroides spp. is CTnDOT, which encodes resistance to both tetracycline and 
erythromycin.   
 Mobilizable transposons (MTns) are mobile genetic elements that cannot transfer 
autonomously but rely on a “helper” element for certain functions (51, 91).  They encode 
their own transfer origin (oriT) and mobilization genes but require gene products of co-
resident conjugative transposons or plasmids for transfer (4, 75, 87).  One of the first 
mobilizable transposons recognized in Bacteroides was NBU1.  It can catalyze its own 
integration but relies on a co-resident conjugative transposon for expression of its 
excision genes and uses the mating apparatus encoded by the CTn for transfer.  Some 
mobilizable transposons harbor antibiotic resistance genes, and the transfer of these 
elements has been demonstrated to contribute to the spread of resistant bacteria (4).   
 Both conjugative and mobilizable transposons utilize site-specific recombination 
to integrate into and excise out of bacterial chromosomes.  Site-specific recombination 
describes a variety of specialized recombination processes that involve reciprocal 
exchange between defined DNA sites (27).  Site-specific recombination involves two 
DNA partners, a specialized recombinase responsible for recognizing the sites and 
catalyzing DNA cleavage and ligation, and a mechanism of DNA breakage and rejoining 
that conserves the energy of the phosphodiester linkage such that no DNA synthesis or 
3 
 
high-energy nucleotide cofactor is required (27).  Examples of site-specific 
recombination systems include the maintenance of the phage P1 genome in a monomeric 
state by Cre; DNA inversions responsible for flagellar variation in Salmonella; and the 
integration into and excision from the E. coli chromosome by phage lambda (7, 27, 60, 
85, 96). 
BACTERIOPHAGE LAMBDA 
 One of the best studied site-specific recombination system is that of bacteriophage 
lambda.  Like CTnDOT and NBU1, integration into and excision from the E. coli 
chromosome is mediated by a tyrosine recombinase, Int.  Int contains three different 
domains and interacts with two classes of DNA binding sites (48).  Amino acids 1 
through 64 are part of the N-terminal arm-binding (N) domain that recognizes and binds 
arm-type sites.  The core-binding domain (CB) contains residues 65 through 169 and 
recognizes and binds core-type sites.  The catalytic (CAT) domain (residues 170 through 
356) binds core-type sites and performs cleavage and strand exchange during 
recombination (48).  Bacteriophage lambda usually integrates into a single site in the E. 
coli chromosome, attB.  Site-specific recombination of the phage attP site with attB 
requires Int and the E. coli-encoded Integration Host Factor (IHF) (44, 50).  There are 
fifteen base pairs of identity between attP and attB known as the overlap sequences and 
Int makes staggered cleavages seven base pairs apart within this region (45).  Int cannot 
tolerate heterology within this overlap region.  When a mutation was constructed in one 
overlap sequence, recombination frequency decreased significantly.  If a homologous 
mutation was made in the partner overlap sequence, efficient recombination was restored 
(8).   
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 Two Int core-type sites flank the overlap regions on attP (P and Pʹ) and attB (B 
and Bʹ).  There are also five arm-type sites on attP (Figure 1.1).  Int interactions with 
arm-type sites help dictate integrative versus excisive recombination.  Mutagenesis 
studies of the Int arm-type sites demonstrated that intact P1, Pʹ1, Pʹ2, and Pʹ3 arm-type 
sites are required for integration (Figure 1.1) (9, 29, 53).  There are also three IHF 
binding sites on attP (H1, H2, and Hʹ), and all three sites are occupied during integration 
(Figure 1.2).  IHF bends attP, facilitating Int interactions with its high-affinity arm-type 
sites and low-affinity core-type sites (20, 46).  Int monomers assemble on attP and form 
an intasome, which then collides with and captures a naked attB (63).  Integration into 
attB generates two recombinant attachment sites, attL and attR.   
 The excision of bacteriophage lambda requires IHF, Int, and another phage-
encoded protein, Xis.  Xis is a 72 amino acid protein that contains a winged helix motif.  
In vivo, Xis stimulates excision greater than 106-fold and also prevents re-integration of 
lambda into the E. coli chromosome (2, 11).  Three Xis monomers cooperatively bind to 
attR, forming a micronucleoprotein filament and bending the DNA approximately 72˚ 
(1).  This facilitates Int interactions with the disparate arm- and core-type sites.  An E. 
coli-encoded protein, Factor for Inversion Stimulation (Fis), interacts cooperatively with 
Xis and stimulates in vitro excision approximately 10-fold when Xis concentrations are 
limiting (83).  The Fis binding site on attR overlaps a large region of the X2 Xis binding 
site, and it was originally believed that Fis interactions prevented Xis occupancy of X2 
during excision (55).  Recent studies have demonstrated that Fis facilitates sequence-
specific Xis interactions, and all three Xis protomers are bound to attR along with a Fis 
homodimer (Figure 1.2) (55).  Int interactions with the P2, Pʹ1 and Pʹ2 arm-type sites are 
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required for excision as well as IHF binding to the H2 and Hʹ sites (Figure 1.9) (9, 29, 53, 
84).  Xis helps drive recombination in the direction of excision via cooperative 
interactions with Int binding to the P2 arm-type site (11, 17, 52, 81, 82).  Xis binding also 
precludes Int binding to the P1 arm-type site, which is an interaction required for 
integration (47). 
 The interactions of the N domain of Int with its arm-type sites are also important 
for regulating Int catalytic activity.  A truncated Int protein containing only the C-
terminal domain had higher cleavage and topoisomerase activity than the full-length 
protein (66).  The N-terminal domain appears to inhibit catalytic activity of the full-
length protein.  However, if annealed complementary oligonucleotides containing the Pʹ1 
and Pʹ2 arm-type sites were provided in trans, the full-length protein showed increased 
cleavage activity (66).  Arm DNA in trans also improves fidelity and efficiency of 
Holliday junction resolution by Int (59).  I have performed similar studies detailed in this 
thesis with the integrase of CTnDOT, IntDOT, to determine if the presence of arm-type 
DNA in trans influences DNA binding and catalytic activity.       
CTnDOT 
One of the best studied conjugative transposons in Bacteroides is the 65 kb 
CTnDOT.  CTnDOT harbors two antibiotic resistance genes, tetQ and ermF (69, 92).  
CTnERL is a closely-related conjugative transposon that lacks the 13 kb ermF region.  
Bacteroides spp. are normally harmless members of the human colonic microbiota, but 
they can cause infections if they escape from the colon due to surgery or other intestinal 
trauma.  In the past, Bacteroides infections were typically treated with tetracycline.  Now, 
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at least 80% of Bacteroides clinical isolates are resistant to tetracycline due to the 
presence of tetQ encoded on CTnDOT and CTnDOT-like mobile elements (69). A 
unique feature of CTnDOT is that excision and transfer to recipient cells is stimulated 
100- to 1000-fold in the presence of tetracycline, so treatment of Bacteroides infections 
with tetracycline contributes to the propagation of tetracycline resistance among bacteria 
in the human colon (65, 69). 
IntDOT and CTnDOT integration 
 The integration and excision of CTnDOT is dependent on the action of IntDOT, 
an element-encoded enzyme.  IntDOT is constitutively expressed, and it and a host factor 
are sufficient for recombination between the joined ends of the excised element (attDOT) 
and the bacterial target sequence (attB) (15).  A schematic representation of the 
integration and excision of CTnDOT is shown in Figure 1.3.  Like Int in the lambda 
system, IntDOT is a tyrosine recombinase.  Tyrosine recombinases have a conserved 
RK(H/K)R(H/W)Y motif in their C-terminal domains.  IntDOT was identified as a 
member of the tyrosine recombinase family, as it contained five of six characteristic 
residues including the catalytic tyrosine (5, 15, 42, 54).  However, in place of the first 
arginine residue IntDOT has a serine (15, 42).  Because of this substitution, it appears 
that the structure of the IntDOT active site may differ from other tyrosine recombinases.  
Additional residues important for IntDOT cleavage, ligation, DNA binding, and Holliday 
junction resolution activity were identified using hydroxylamine random mutagenesis 
(31, 33).  
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 IntDOT, like lambda Int, has three different domains.  The core-binding (CB) and 
catalytic (CAT) domains bind to core-type binding sites on the DNA adjacent to the 
overlap sequence where cleavage and strand exchange occurs.  The arm-binding (N) 
domain of IntDOT is located at the N-terminus of the protein and interacts with arm-type 
binding sites distal to the core (33, 41).  From my work and studies performed in other 
systems, IntDOT interactions with arm-type sites along with the actions of accessory 
factors appear to be required for the formation of higher order protein/DNA complexes 
known as intasomes (32, 35, 46).  DNase I footprinting and mutagenesis experiments 
demonstrated that IntDOT interacts with two core-type sites on attDOT as well as with 
six arm-type sites (Figure 1.4) (22, 94).  The roles of the IntDOT arm-type binding sites 
will be discussed in a later chapter.  
 IntDOT and other tyrosine recombinases use a topoisomerase-I type mechanism 
during recombination (14, 21).  Cleavage and strand exchange occur adjacent to the 
overlap region, which is usually identical between the attachment sites.  Two integrase 
monomers bind to each side of the overlap region on each recombination site. One set of 
monomers is initially active and performs the first set of cleavage and strand exchange 
reactions, forming a Holliday junction (HJ) intermediate (Figure 1.5).  The isomerization 
of the HJ intermediate activates the other set of integrase monomers, which performs the 
second set of cleavage and strand exchanges seven base pairs apart to form recombinant 
products (6, 7, 37, 86).  IntDOT is unique among tyrosine recombinases in that it 
tolerates heterology between overlap sequences in its partner recombination sites.  Two 
base pairs of identity (known as the GC dinucleotide) between attDOT and attB are 
sufficient for integration, and the other five base pairs can be mismatched (Figure 1.5) 
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(34, 43).    IntDOT has been shown in vitro to resolve synthetic HJs containing core-type 
sites but lacking arm-type sites.  However, IntDOT resolved HJs with mismatched 
overlap sequences (which is what would occur by recombination in vivo) only to 
substrates while HJs with identical overlap sequences were resolved to both substrates 
and products (31).  This suggests that the participation of accessory factors and IntDOT 
binding to arm-type sites are needed  to form intasomes are required to resolve HJs with 
mismatches in the overlap sequence (31). 
Excision of CTnDOT 
 In the paradigmatic lambda site-specific recombination system, only Int, IHF and 
Xis are required for excision, with host factor Fis aiding in excision when Xis levels are 
rate-limiting (7, 83).  CTnDOT appears to have a more complex excision system.  It 
encodes two small proteins that, in addition to IntDOT and a host factor, are required for 
excision:  Xis2c and Xis2d (16, 79).  A third protein, Exc, appears to have a stimulatory 
effect on excision (30).   
Excision is increased 100- to 1000-fold in the presence of tetracycline due to the 
tetracycline-dependent expression of the xis2c operon (15).  Expression of the xis2c 
operon is reliant on a two-component regulatory system encoded by CTnDOT and 
expressed when tetracycline is present (Figure 1.6).  The tetQ operon contains tetQ, rteA 
and rteB and is regulated via a translational attenuation mechanism.  tetQ encodes a 
protein that protects the ribosome from tetracycline.  In the absence of tetracycline, a 
hairpin forms in the leader region of the tetQ operon and sequesters the tetQ ribosome 
binding site (RBS), thus preventing translation (90).  If tetracycline is present, a ribosome 
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stalls on the leader peptide due to the interaction between tetracycline and the ribosome.  
This causes a less stable hairpin to form that leaves the tetQ RBS accessible for 
translation (89, 90).  rteA encodes a sensor kinase and rteB encodes a response regulator. 
The signal recognized by RteB has not been identified (77).  RteB activates expression of 
another regulator located outside of the tetQ operon, rteC.  RteC binds upstream of the 
xis2c operon and acts as a transcriptional activator of the expression of xis2c, xis2d, and 
exc (49, 56). 
 Xis2c and Xis2d are recombination directionality factors, or RDFs.  RDFs are 
responsible for promoting excisive recombination and inhibiting integration (7).  Lambda 
Xis is a well-studied RDF that binds to and bends attR, thus facilitating Int binding.  Xis 
also interacts directly with Int through protein-protein interactions (11, 17, 52, 81, 82).  
Xis2c and Xis2d may function similarly to facilitate IntDOT interactions within an 
excisive intasome.  Both Xis2c and Xis2d contain helix-turn-helix motifs so it is likely 
that they both interact with DNA.    Preliminary experiments have shown that Xis2d 
interacts specifically with attR (C. Keeton, unpublished results).  The role of Exc in 
excision is less clear.  Exc is is a type 1A topoisomerase (similar to E. coli DNA 
topoisomerase III) and utilizes an active-site tyrosine to relax negatively supercoiled 
DNA in the presence of Mg++ (13, 80).  Exc was shown to be dispensable in an in vitro 
intermolecular excision assay (16, 79).  This assay examines excision between attL and 
attR on two different plasmids, and recombination results in a cointegrate plasmid 
containing attDOT and attB.  This differs from in vivo conditions where attL and attR are 
both located intramolecularly on the Bacteroides chromosome.  A new in vitro 
intramolecular excision system was developed in the Gardner lab to examine excision 
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under conditions that more closely mimic what occurs in vivo (30).  The presence of Exc 
increased excision at least five-fold in the intramolecular excision assay, demonstrating 
that it plays a role in enhancing excision frequency (30).  Interesting, the topoisomerase 
activity of Exc is not required for its function.  A mutation in the catalytic tyrosine does 
not affect the ability of Exc to increase excision frequency (30, 80).  Exactly how Exc 
enhances excision frequency is not known, but it may participate in protein-protein 
interactions with Xis2c, Xis2d, and/or IntDOT.  It may also play a role in bringing attL 
and attR closer together to facilitate excisive intasome formation. 
NBU1 
 NBU1 is a 10.3 kb mobilizable transposon that integrates site-specifically into the 
3ʹ end of a leucyl-tRNA gene in Bacteroides (68, 70).  The excision of NBU1 is 
dependent on the action of a two-component regulatory system, RteA and RteB, which 
are provided in trans by CTnDOT (Figure 1.7).  RteB activates expression of an operon 
required for excision of NBU1 (77, 78).  Expression of rteA and rteB is induced in the 
presence of tetracycline, so NBU1 cannot excise in the absence of tetracycline (77).  
Once excised, NBU1 forms a closed circular intermediate which is nicked at the oriT by a 
single mobilization protein, MobN1 (39).  It is then transferred to a recipient cell using a 
mating bridge encoded by the co-resident conjugative transposon.  The element also 
encodes an integrase, IntN1, which has been shown to be a member of the lambda 
integrase family of tyrosine recombinases (61, 70).  NBU1 is not dependent on the action 
of any CTn-encoded proteins for integration (73). Mobilizable transposons (including 
NBU1) appear to be widespread in Bacteroides spp.  Approximately 70% of surveyed 
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clinical and community Bacteroides isolates hybridized with a probe containing the 
prmN1-oriT-mobN1 region of NBU1 (88).  
IntN1 and the integration of NBU1 
 The site-specific integration of NBU1 is dependent on the action of IntN1, an 
element-encoded tyrosine recombinase.  The intN1 gene was originally identified in the 
minimal region of NBU1 required for integration, which contained the joined ends of the 
element and an additional 2 kb located on the right end (70).  The intN1 gene encodes a 
53 kDa protein that has limited sequence identity with other known tyrosine recombinase 
proteins, but it does contain the hallmark RKHRHY residues in its C terminus that align 
with other members of the lambda integrase family of tyrosine recombinases (61, 70).  
Mutating five of the six residues (including the putative catalytic tyrosine) resulted in 
reduced levels of integration, demonstrating their importance for efficient NBU1 
integration (61).  NBU1 integrates into a bacterial target sequence denoted attBT1-1, 
which is located at the 3ʹ end of the leucyl-tRNA gene in Bacteroides (70).  NBU1 can 
also integrate in E. coli, but it integrates randomly into the chromosome at a frequency 
that is 100 to 1000 times lower than is seen in Bacteroides (72).     
The bacterial target attBT1-1 shares 14 base pairs of sequence identity with the 
joined ends of NBU1 (attN1), and this region is referred to as the common core region.  
IntN1 makes staggered cuts 7 base pairs apart within the common core region (61).  
Although the common core is identical between attBT1-1 and attN1, IntN1 can tolerate 
mismatches at certain locations within this region, and some mutations even increase 
integration frequency.  For example, changing a cytosine to a guanine three base pairs 
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away from the right end of the common core (C(-3)G) in attBT1-1 resulted in a 100-fold 
increase in integration frequency (Figure 1.8) (67).  However, when the same change was 
made in attN1, restoring homology between the sites, no integration was detected.  A 
similar result was seen when a guanine was changed to a cytosine two base pairs away 
from the right end of the common core (G(-2)C).  When the mutation was constructed in 
attN1, integration frequency increased 300-fold.  A homology-restoring mutation in the 
same base pair in attBT1-1 abolished detectable integration (67).  Many tyrosine 
recombinases like lambda Int are unable to recombine substrates that contain heterology 
in the overlap region between cleavage sites (8).  IntN1 is one of only a few well-studied 
tyrosine recombinases that can tolerate heterology in this region. 
In addition to IntN1, a Bacteroides host factor is also required for integration.  
Until recently the identity of this host factor was not known, but E. coli IHF was able to 
substitute in in vitro integration reactions (62).  IHF was also used for CTnDOT in vitro 
integration assays (22, 34).  A student in the Gardner lab, Ken Ringwald, has identified 
an IHF-like protein in Bacteroides (BHFa) that along with IntDOT is necessary and 
sufficient for CTnDOT integration in vitro (K. Ringwald, unpublished results).  I used 
BHfa in NBU1 in vitro integration assays and observed integration frequencies that were 
similar to what was detected when IHF was utilized (M. Wood, unpublished results).  It is 
possible that BHFa may be the host factor used by NBU1 in vivo. 
Excision of NBU1 
 NBU1 excision is dependent on the action of the two-component regulatory 
system encoded by CTnDOT.  In the presence of tetracycline, expression of the sensor 
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kinase rteA and the response regulator rteB are activated (77). RteB activates expression 
of orf2x, one of the NBU1-encoded excision proteins (K. Moon, unpublished results).  
The excision of NBU1 appears to be more complex than that of other ICES, and a region 
of approximately 6.5 kb is involved in excision.  Experiments performed in the Salyers 
laboratory determined that five element-encoded proteins appeared to be required for 
NBU1 excision:  IntN1, Orf2, Orf2x, Orf3, and PrmN1 (Figure 1.9).  In addition, a region 
of NBU1 DNA corresponding to the oriT and two-thirds of mobN1 was also necessary 
for excision, and this region was named the “Excision-Required Sequence,” or XRS 
(Figure 1.9) (71).   This finding is in stark contrast to the lambda system, where the only 
phage-encoded protein required for excision are Int and Xis (3).  These initial 
examinations of NBU1 excision used Southern blots with an attN1 probe to detect 
excision.  These experiments were repeated using the more sensitive method of PCR to 
detect the joined ends of NBU1, and it was demonstrated that the only two NBU1-
encoded proteins absolutely required for excision are IntN1 and Orf2x (N. Shoemaker, 
unpublished results).   
 The majority of the proteins involved in NBU1 excision are not well-
characterized.  IntN1 is required for both integration and excision, but IntN1 alone is not 
sufficient for excision (71).  Orf2 is a 313 amino acid protein that has no known 
homologues.  Orf2x is a small, basic protein of 104 amino acids that has 62% sequence 
identity to the targeting protein TnpA of Bacteroides fragilis mobilizable transposon 
Tn4555 (71).  Orf2x also has limited sequence identity with Xis2c and Xis2d, two 
proteins required for the excision of CTnDOT (M. Wood, unpublished results).  orf3 
encodes a 396 amino acid protein with limited sequence identity to a helicase-like protein 
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from Sulfolobus islandicus (71).  PrmN1 is 318 amino acids in size and is 80% identical 
to PrmN2 of NBU2.  It also has some N-terminal amino acid similarity with bacterial 
DNA primases.  However, NBU1 has never been shown to replicate in bacterial hosts so 
it is unlikely that PrmN1 is used for this function (71).  Previous experiments have shown 
that Orf2x interacts specifically with the attL site and that IntN1 will bind attL and attR in 
the presence of host factor (L. Rajeev, unpublished results), but no detectable binding 
was seen with the other excision proteins.  It is still not known why NBU1 excision 
involves so many proteins, but one hypothesis is that complexes formed by these proteins 
with the oriT, attL, and attR help to ensure that NBU1 is fully excised from the 
Bacteroides chromosome prior to transfer to a recipient cell. 
 One of the goals of the research presented in this thesis was to further characterize 
IntN1 and Orf2x and their interactions with DNA during excision. 
NBU2 
 NBU2 is 11.1 kb in size, which is slightly larger than NBU1.  It integrates site-
selectively into two attBT2 sites located at the 3ʹ end of Ser-tRNA genes (88).  NBU1 and 
NBU2 share more than 85% sequence identity in the oriT-mob-prmN region but vary 
significantly throughout the rest of their sequences.  Like NBU1, NBU2 encodes a 
tyrosine recombinase (IntN2) that is necessary for integration, but the two integrases 
share only 28% sequence identity (88).  NBU2 also encodes two antibiotic resistance 
genes. One of the genes, mefE, encodes a putative macrolide pump that is not expressed 
in Bacteroides.  linA encodes a O-nucleotidyltransferase which inactivates lincomycin 
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and clindamycin and is expressed in Bacteroides (88).  This was the first identification of 
a linA-type gene in Bacteroides spp. 
OTHER SITE-SPECIFIC RECOMBINATION SYSTEMS 
Tn916 
 The first identified conjugative transposon was the 18 kb Tn916 of Enterococcus 
faecalis.  Tn916 carries a tetracycline resistance gene, tetM (26).  It appears to have a 
broad host range and has been found in a variety of gram negative and gram positive 
bacteria (18).  Like CTnDOT, Tn916 encodes a tyrosine recombinase protein that is 
required for both integration into and excision from the bacterial chromosome.  The 
heterobivalent Int of Tn916 interacts with core-type sites flanking the overlap region as 
well as with five arm-type sites (40).  The occupancy of the arm-type sites during 
integration and excision has not been examined.  Tn916 Int is the only protein required 
for integration, but it also encodes an excisionase that, along with Int,  is required for 
excision (64).  During excision, the Int of Tn916 makes staggered cuts 6 bp apart at each 
end of the transposon.  The ends are not identical, so a 6 bp coupling sequence of 
heterology is formed (12, 60).  Because Tn916 has less strict homology requirements, it 
can integrate into the chromosomes of a variety of different bacterial species. 
Mycobacteriophage L5 
 Mycobacteriophage L5 is a temperate phage that infects Mycobacterium 
tuberculosis and Mycobacterium smegmatis.  The L5 integration site in the 
Mycobacterium spp. chromosome is located at the 3ʹ end of a glycyl-tRNA gene (36).  
The L5 Int is a heterobivalent tyrosine recombinase that is required for both integration 
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and excision.  The spatial arrangement of the L5 Int arm-type sites is different from other 
tyrosine recombinase systems (Figure 1.10).  DNase I footprinting experiments 
demonstrated that in addition to core-type sites immediately adjacent to the overlap 
region, L5 Int binds to seven arm-type sites (58).  One pair of arm-type sites, P6 and P7, 
is located 250 bp away from the attP core.  In vitro recombination experiments showed 
that only the P1/P2 and P4/P5 pairs of arm-type sites are required for integration (58).  In 
addition, only 250 bp of the 413 bp attP is required for integration.  A Mycobacteria-
encoded host factor, mIHF, is also required for intasome formation and integrative 
recombination.  mIHF appears to bend the DNA and bring the P4/P5 arm-type sites into 
closer proximity with the attP core-type sites (57). 
 Besides L5 Int and mIHF, excision of L5 also requires the protein product of gene 
36, which is denoted L5gp36 (38).  L5gp36 is a 56 amino acid protein and has a pI of 
10.16.   Both in vitro and in vivo excision are stimulated by L5gp36, and it may play a 
role similar to that of other phage excisionase proteins (38).  gp36 expression appears to 
be tightly regulated in vivo to keep L5 integrated in the bacterial chromosome unless 
cellular conditions warrant excision.   
Bacteriophage HP1 
 HP1 is a bacteriophage that infects Haemophilus influenzae.  The mechanism of 
integration and excision of HP1 is similar to that of bacteriophage lambda.  The HP1 attP 
contains six pairs of HP1 Int binding sites:  high-affinity sites IBS1, IBS2, and IBS5; and 
lower-affinity sites IBS3, IBS4, and IBS6 (28).  IBS4 contains the Int binding sites that 
flank the region of cleavage and strand exchange.  Int binding to IBS2, IBS4, and IBS5 is 
17 
 
required for integration, while Int occupancy of IBS1 and IBS6 stimulates integration 
(24).  Excision requires occupancy of the binding sites flanking the cleavage sites as well 
as IBS2 and IBS6.  HP1 Int binding to IBS5 inhibits excision, demonstrating that IBS5 
binding is a critical interaction for integration (24).  An additional phage-encoded protein, 
Cox, is required for excision and binds to two binding sites on attL (23).  Integration and 
excision also require a H. influenzae-encoded host factor.   
THESIS OUTLINE 
 Two main projects are outlined in this thesis.  The first project investigated 
IntDOT interactions with its arm-type sites and how the directionality of recombination 
was mediated through IntDOT/arm-type site interactions using in vitro recombination and 
gel shift assays.  The second project identified the binding sites of IntN1 and Orf2x in an 
effort to better understand the complex excision reaction of NBU1. 
 In Chapter 2 I present the results of mutagenesis experiments of the IntDOT arm-
type binding sites.  A previous study used DNase I footprinting to identify the core- and 
arm-type binding sites (22).  However, the roles of the arm-type sites in the integration 
and excision of CTnDOT were not known.  I utilized site-directed mutagenesis to 
construct individual as well as multiple arm-type site mutations.  Mutants were examined 
in in vitro integration and excision competition assays.  I demonstrated that the L1 and 
R1ʹ arm-type sites are required for in vitro integration.  Cooperative interactions between 
IntDOT monomers are also required for binding to the R1, R2 and R2ʹ arm-type sites 
(94).  Mutations in the R1ʹ, R1 and L1 arm-type sites also reduced in vitro excision 
frequency by approximately 10-fold (94).  I used gel shift assays to further elucidate 
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cooperative interactions between IntDOT monomers on attDOT and to study IntDOT 
complex formation with its arm- and core-type sites. 
 In Chapter 3 I describe experiments performed to examine the effects of arm-type 
site DNA in trans on IntDOT catalytic activity.  Studies in the lambda system have 
shown that the presence of Pʹ1,2 arm-type site DNA in trans stimulates catalytic activity 
(66).  I performed cleavage assays with IntDOT in the presence of wild-type or mutant 
arm-type sites in trans to determine whether IntDOT cleavage activity was similarly 
affected.  Interestingly, the presence of wild-type L1 arm-type site DNA in trans 
inhibited IntDOT cleavage activity (M. Wood, unpublished results).  The presence of 
mutant L1 arm-type site DNA in trans had no effect on cleavage activity.  Both the wild-
type and mutant R1 and R2/R2ʹ arm-type sites decreased cleavage activity (M. Wood, 
unpublished results).  I also examined the effect of the wild-type or mutant L1 arm-type 
sites on in vitro ligation activity.  The presence of the L1 arm-type site increased ligation 
activity by approximately 2-fold, while the mutant L1 arm-type site had no effect (M. 
Wood, unpublished results).  We believe that this is the first set of experiments to 
examine the effect of arm-type site DNA on ligation activity. 
 In Chapter 4 I describe experiments to characterize the interactions of two 
proteins required for the excision of the mobilizable transposon NBU1.  I partially 
purified the native forms of IntN1 and Orf2x and used gel shift assays to determine that 
they both bind attL specifically during excision and that IntN1 also binds attR (M. Wood, 
unpublished results).  DNase I footprinting assays with fluorescently-labeled attL DNA 
demonstrated that Orf2x binds to at least two sites on attL.  Both IntN1 arm- and core-
type sites were identified using DNase I footprinting experiments (M. Wood, unpublished 
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results).  In addition, Orf2x appears to facilitate IntN1 binding to attL, likely by bending 
the DNA and bringing the arm- and core-type sites into closer proximity (M. Wood, 
unpublished results). 
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FIGURES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1: The lambda arm-type sites.  Arm-type sites required for integration are 
shown by purple boxes.  Arm-type sites required for excision are shown as orange boxes.  
Arm-type sites that are not required for a given reaction are shown as white boxes.  The 
light gray and black boxes denote core-type sites. 
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Figure 1.2:  Integrative and excisive recombination of phage lambda.  Integration of 
bacteriophage lambda involves recombination between attP and the E. coli target site 
attB to form the recombinant sites attL and attR..  Circles denote Int binding sites; 
squares indicate sites bound by Integration Host Factor (IHF); and diamonds denote Xis 
binding sites.  The triangles indicate the Fis binding site which overlaps with the X2 site.  
Filled symbols denote binding sites that are bound, and open symbols denote binding 
sites that are not occupied during integration or excision.  Int and IHF are required for 
integration, and Int, IHF, Xis and Fis are involved in lambda excision.  Xis inhibits 
integrative recombination.  Figure adapted from the thesis of Jeanne DiChiara. 
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Figure 1.3: The integration and excision of CTnDOT.  IntDOT makes 7 bp staggered 
cuts on attL and attL to excise CTnDOT from the Bacteroides chromosome.  The element 
then forms a closed circular intermediate.  The joined ends of the circular intermediate 
are known as attDOT.  CTnDOT is nicked at the oriT and a single strand is transferred to 
a recipient cell via conjugation.  Once in the recipient, second strand synthesis occurs 
followed by integration into the bacterial target site, attB.  Presumably CTnDOT also re-
integrates into the donor.   Figure taken from (59). 
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Figure 1.4:  IntDOT core- and arm-type binding sites.  Black boxes denote arm-type 
sites, and gray ovals denote core-type sites.  The vertical arrows indicate the cleavage 
sites.  The numbers indicate the relative position of the arm-types as compared to the 
central base in the overlap region, which is denoted with a “0.”  Figure taken from (91). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.5:  The IntDOT cleavage sites.  D, Dʹ, B, and Bʹ are core-type binding sites 
bound by the core-binding and catalytic domains of IntDOT.  The GC dinucleotide that is 
conserved in both attDOT and attB is shown in bold capital letters.  The site of initial 
cleavage and strand exchange, leading to Holliday junction formation, is shown with a 
downward facing arrow.  The site of the second cleavage and strand exchange is shown 
with a bold upward facing arrow.  Figure adapted from (30). 
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Figure 1.6:  Regulation of CTnDOT excision.  The tetQ, rteA and rteB genes are in an 
operon controlled via a translational attenuation mechanism.  RteB activates expression 
of the regulatory protein rteC, and RteC activates expression of the excision operon.  
intDOT is constitutively expressed.  orf3 is dispensable for excision.  Figure taken from 
(48). 
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Figure 1.7:  The excision, transfer, and integration of NBU1.  NBU1 is dependent on a 
co-resident conjugative transposon such as CTnDOT for excision and transfer into a 
recipient cell.  Expression of rteA and rteB on CTnDOT is dependent on tetracycline.  
RteB activates expression of the orf2x operon on NBU1, and NBU1 excises from the 
donor chromosome to form a closed circular intermediate.  The mating apparatus encoded 
by CTnDOT is utilized by NBU1 for transfer into a recipient cell.  NBU1 can catalyze its 
own integration using IntN1 and a Bacteroides host factor.  Figure courtesy of Lara 
Rajeev. 
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Figure 1.8:  Effects of single base pair mutations in attN1 and attBT1-1 on in vivo 
integration frequency.  The top strand sequence of the common core region in attN1 and 
attBT1-1 is shown above.  Bases are numbered -1 through -14 from the 3ʹ end of the 
common core.  Bases were mutated in attBT1-1 or attN1 and tested in an in vivo 
integration assay in E. coli.  The effects of mutations at the -3G and -2C are described in 
the figure.  Figure courtesy of Lara Rajeev. 
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Figure 1.9:  Region of NBU1 involved in excision.  Black arrows indicate genes 
absolutely required for excision.  Gray arrows denote genes involved in excision.  The 
oriT is indicated by the gray circle, and the gray rectangle represents 2/3 of the mobN1 
gene; both are part of the “excision required sequence” or XRS. Recent PCR experiments 
have demonstrated that the XRS is necessary for efficient excision but is not required (N. 
Shoemaker, unpublished results).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.10: The arm- and core-type binding sites of Mycobacteriophage L5.  The black 
boxes denote the core-type sites C and Cʹ.  The blue boxes indicate arm-type sites that are 
required for integration.  White boxes indicate arm-type sites that are not required for 
integration. 
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Chapter 2 
CTnDOT Integrase Interactions with Attachment Site DNA and Control of 
Directionality of the Recombination Reaction 
 
INTRODUCTION 
Conjugative transposons (CTns), also known as integrative and conjugative 
elements (ICEs), are mobile genetic elements that are widespread in Bacteroides spp. and 
are implicated in the spread of antibiotic resistance.  These elements are normally 
integrated into the host chromosome, but can excise, replicate and transfer to a recipient 
cell by conjugation (34).  Since CTns commonly carry antibiotic resistance genes, it is 
likely that the increase in antibiotic-resistant Bacteroides strains has been mediated 
through the lateral transfer of these elements (36).   One of the best studied ICEs in 
Bacteroides is the conjugative transposon CTnDOT.  CTnDOT is 65 kb in size and 
carries genes encoding resistances to tetracycline and erythromycin.  Over the past thirty 
years, the incidence of tetracycline resistance has increased to 80% of Bacteroides 
isolates due to the presence of CTnDOT-type elements (36).  
 Integration and excision of CTnDOT results from site-specific recombination 
between regions of DNA known as attachment (att) sites.  During integration, the joined 
ends of the closed circular intermediate (attDOT) recombine with the bacterial target 
sequence (attB) to form the recombinant sites (attL and attR).  The integration reaction 
requires IntDOT, a CTnDOT-encoded protein that has been identified as a member of the 
tyrosine recombinase family, as well as a host factor encoded by Bacteroides (8, 21). 
Site-specific recombination between the attL and attR attachment sites results in excision 
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of CTnDOT from the host chromosome.  IntDOT is also required for excision, as are 
three element-encoded proteins:  Xis2c, Xis2d, and Exc, as well a Bacteroides host factor 
(8, 38).  The roles of these accessory proteins are not well understood, although Xis2c 
and Xis2d have been shown to bind DNA (unpublished results). 
 One of the best studied tyrosine recombinases is the integrase (Int) of the lambda 
system.  The C terminus of Int includes the core binding (CB) and catalytic (CAT) 
domains that bind to core-type sites, which flank the sites of cleavage and strand 
exchange (2, 24). The N-terminal arm-binding (N) domain binds to arm-type sites that 
are distal to the core-type sites.  In the presence of the appropriate host and accessory 
factors, Int binding to arm-type sites is required for the formation of higher-order 
protein/DNA complexes known as intasomes that are required for integration and 
excision (15, 18, 22).  Int is capable of making intramolecular interactions (interactions 
between Int monomers on the same attachment site) and intermolecular interactions 
(interactions between Int monomers on different attachment sites) during recombination 
(15, 16).  In the lambda system, the directionality of the reaction is regulated by Int 
interactions with arm-type sites in conjunction with the Integration Host Factor (IHF) 
during the formation of an integrative intasome, or IHF, Xis and FIS during the formation 
of two excisive intasomes (1, 4, 42).    
 Presumably, IntDOT occupancy of specific arm-type sites in conjunction with 
interactions of accessory factors with att sites leads to the assembly of integrative or 
excisive intasomes and thus contributes to the directionality of IntDOT-mediated 
recombination.  Previous DNase I footprinting experiments identified five arm-type 
binding sites on attDOT (11).  In this study, mutations were constructed in the five sites 
39 
 
to determine their roles in the integration and excision of CTnDOT.  In addition, a sixth 
arm-type site was discovered that is important for both integrative and excisive 
recombination.  The results of gel shift assays have also shown that the interaction of 
IntDOT with core-type sites and arm-type sites involves cooperative interactions. 
MATERIALS AND METHODS 
Bacterial strains, plasmids and growth conditions 
 All oligonucleotides and bacterial strains are shown in Table 2.1.  All Escherichia 
coli strains were grown in Luria-Bertani (LB) broth.  Antibiotics were supplied by Sigma 
and restriction enzymes were supplied by New England Biolabs.  T4 Polynucleotide 
Kinase was obtained from Fermentas.  The Quikchange® II mutagenesis kit was supplied 
by Stratagene.  IntDOT preparations used for this study  were partially purified through 
heparin-agarose chromatography as previously described (11).  The concentrations of 
antibiotics used in this study were:  ampicillin (Amp), 100 µg/µl; kanamycin (Kan), 50 
µg/µl; and chloramphenicol (Cam) 20 µg/µl. 
Site-directed mutagenesis of IntDOT arm-type binding sites 
 HindIII restriction sites were inserted in each of the putative IntDOT arm-type 
binding sites using a Stratagene Quikchange® II mutagenesis kit.  The plasmid pGEM-
T+attDOT, which contains the wild-type attDOT sequence, was used as a template for 
the mutagenesis reactions.  Primers containing each of the desired mutations are listed in 
Table 2.2.  After mutagenesis and digestion with the restriction enzyme DpnI, plasmids 
were electroporated into DH5αMCR, plated on LB+Amp plates and grown at 37°C 
overnight.  Transformants were re-streaked for single colonies and plasmids were isolated 
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using Qiagen Miniprep kits.  Digestions with HindIII were used to identify mutants and 
the attDOT sites of mutated plasmids were sequenced to ensure that there were no 
additional mutations in the attDOT sequence.  Identical mutations were also constructed 
in plasmids containing attL (pYS55-1.1) and attR (pYS56-1) for analysis in in vitro 
excision assays. 
In vitro integration competition assay with arm-type site mutants 
 The in vitro integration competition assay is a modified version of a gel-based 
assay described previously (11, 17).  This assay utilizes two supercoiled plasmids:  the 
wild-type attDOT sequence in a large (5.4 kb) pBAD18 vector and the mutant attDOT 
sequences that were created in a smaller (3.5 kb) pGEM-T vector.  The top strand of the 
67 bp attB oligonucleotide was 5′-radiolabeled with [γ-32P]ATP using T4 Polynucleotide 
Kinase (T4 PNK) and excess unreacted [γ-32P]ATP was removed using G-50 Sephadex 
spin columns. The labeled oligonucleotide was annealed to its complementary bottom 
strand in 10 mM Tris-HCl, pH 8.0, 100 mM KCl, and 5 mM EDTA by heating the 
mixture to 90°C and slowly cooling to room temperature.   
 The in vitro integration competition assays were performed in 20 µl reaction 
volumes containing 0.1 pmol of pBAD18+attDOT (containing the wild-type attDOT 
sequence) and pGEM-T+attDOT with the mutated arm-type site(s) along with 3 units of 
IntDOT, 3 pmol of E. coli IHF (which substitutes for an unidentified Bacteroides host 
factor) (9); and 260 Mix (final concentrations were 20 mM Tris-HCl, pH 7.4, 5 mM 
DTT, 0.05 mg/ml BSA, 1% glycerol, and 50 mM KCl).  One unit of IntDOT is defined as 
the minimum amount of IntDOT required for maximum recombination between attDOT 
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and attB (17, 25).  Reactions were incubated at 37°C overnight and stopped with a 
solution containing 30% glycerol, 10% SDS, 0.5% xylene cyanol and 0.5% bromophenol 
blue.  Aliquots of each reaction were electrophoresed on a 1% agarose gel at 120 V for 2 
hours, and the gel was then dried and exposed to imaging plates (IPs) and visualized 
using a FujiFilm FLA-3000 phosphorimager and FujiFilm Image Gauge software 
(version 3.4 for Macintosh).  Levels of recombination with wild-type attDOT and attB 
sites were approximately 10 to 15% of the initial attB substrate. 
In vitro excision competition assays with arm-type site mutants 
 In vitro excision competition assays were performed as described previously (12, 
38), with minor modifications.  HindIII mutations in one or more arm-type sites were 
constructed in pGEM-T carrying either attL (pYS55-1.1) or attR (pYS56-1).  Three 
different plasmids were incubated together in the in vitro excision competition assay:  
pGEM-T carrying a mutated attL or attR site and encoding ampicillin resistance, one 
pBAD18 plasmid containing the wild-type attL or attR sequence and encoding 
kanamycin resistance, and a pir-dependent pEP185.2 plasmid carrying the wild-type 
partner site (attR or attL, respectively) and encoding chloramphenicol resistance.  When 
recombination occurs between either the wild-type or mutant att site and the partner site, 
cointegrate plasmids containing recombinant attachment sites form.  The cointegrates that 
form after recombination in vitro can be detected on selective media following 
transformation into a pir background.  The excision frequency for both wild-type and the 
mutants was calculated by dividing the number of cointegrate colonies by the number of 
ampicillin- or kanamycin-resistant colonies.  The excision frequencies of the wild-type 
and mutants can then be compared in a ratio where higher excision ratios indicate that the 
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mutant excision frequency was reduced relative to wild-type.  Wild-type control assays 
conducted with wild-type att sites in both pGEM-T and pBAD18 were used to ensure that 
the electroporation frequencies of the cointegrates were similar regardless of which 
plasmid underwent recombination.  To ensure that mutant cointegrate colonies resulted 
from recombination events, at least five colonies from each assay were re-streaked on 
selective media and plasmids were isolated and screened using XhoI restriction digests.  
There is a single XhoI restriction site present on the mutant cointegrate plasmids, so 
linearized plasmids could be visualized by agarose gel electrophoresis to confirm that 
they were the correct size.  Colony PCR was also utilized on ten cointegrate colonies 
from each in vitro excision assay to confirm that recombination had occurred between 
attL and attR as described previously (12).  
Gel shift analyses with multiple arm-type site substrate 
 A 120 bp DNA substrate containing the R1′, R1, R2 and R2′ arm-type sites was 
PCR amplified from pGEM-T+attDOT plasmids using primers MM176F and MM25R 
(Table 2.1) and purified using the Qiagen PCR Purification Kit.  The PCR products were 
5′-radiolabeled using [γ-32P]ATP and T4 PNK.  The labeled DNA was run on a 5% 
polyacrylamide gel for 1.5 hours, exposed to X-ray film for 2 minutes, and gel extracted.  
The DNA then was eluted from the polyacrylamide in low-salt buffer (10 mM Tris-HCl, 
pH 8, 100 mM NaCl, and 1 mM EDTA) overnight at room temperature. After filtering 
away excess polyacrylamide, the DNA was cleaned up using DE-52 resin and eluted 
from the DE-52 columns using high-salt buffer (10 mM Tris-HCl, pH 8, 1 M NaCl, 1 
mM EDTA).  The substrates were then ethanol precipitated and resuspended in TE 
buffer. 
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 Gel shift assays were performed in GSBA75 consisting of 50 mM Tris-HCl, pH 8, 
1 mM EDTA, 50 mM NaCl, 10% glycerol, and 0.075 µg/µl herring sperm DNA.  
Labeled substrate at 10 nM was incubated with 2 or 20 nM of IHF and various dilutions 
of IntDOT for fifteen minutes at room temperature, and then loaded onto a pre-run 8% 
polyacrylamide gel at 300 V, at which point the voltage was reduced to 200 V.  The 
samples were allowed to electrophorese for approximately two hours and twenty minutes.  
The gel was vacuum dried and exposed to IP plates as described above. 
Gel shift assays with attDOT core and arm-type site substrates 
 Oligonucleotides containing the top and bottom strands of attDOT core and arm-
type site DNA were 5′-radiolabeled as described above, separated from unreacted [γ-
32P]ATP and annealed together.  Gel shift assays were performed in gel shift binding 
buffer (GSBA75) as described above.  Approximately 4 nM of labeled substrate was 
incubated with various dilutions of IntDOT.  To examine IntDOT complex formation in 
the presence of both the core and arm-type site DNA, the same concentrations of 
unlabeled arm-type site or core DNA were added to the binding reactions prior to the 
addition of IntDOT.  After samples were allowed to incubate at room temperature for 15 
minutes, reactions were loaded on a pre-run 8% polyacrylamide gel and electrophoresed 
at 20 mA for 1.5 to 2.5 hours.  The gel was vacuum-dried, exposed to an IP plate and 
visualized using a phosphorimager as described above. 
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RESULTS 
The role of IntDOT arm-type binding sites in the integration reaction 
 In a previous study, DNase I footprinting was used to detect binding of IntDOT to 
the CTnDOT arm-type binding sites.  Using the regions of protection observed in the 
footprinting assays, an arm-type site consensus sequence was derived and five putative 
arm-type binding sites were proposed (11).  Deriving a consensus sequence was difficult 
because of the high number of A/T base pairs in the attDOT sequence.  Thus, we wanted 
to identify the arm-type site sequences by an independent approach which would also 
experimentally confirm the validity of the consensus sequence.  Accordingly, we chose to 
determine which arm-type sites are required for integration and excision by using site-
directed mutagenesis to mutate the attDOT arm-type sites.  The arm-type site mutants 
were then analyzed using in vitro assays in an attempt to test the involvement of the arm-
type sites in integration and excision.    
 An earlier mutational analysis of the lambda Int arm-type binding sites showed 
that single base pair mutations were not necessarily sufficient to cause dramatic defects in 
integration and excision. This result was due to cooperative interactions between Int 
monomers binding to att site DNA (3, 27, 33, 40).  Taking into account the possibility 
that cooperative interactions may also play a role in IntDOT interactions with the attDOT 
sequence, HindIII restriction sites were constructed in each of the arm-type binding sites.  
The HindIII sites changed at least four of the bases in the consensus sequence for each of 
the arm-type sites and were centered in the region where conserved bases were located 
(Figure 2.1).   
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 An in vitro integration competition assay was used to analyze the effects of the 
arm-type site mutations on the integration reaction.  This assay is a modified version of a 
previously described gel-based in vitro integration assay (11, 17) that allows for 
comparison of recombination frequencies between two different attDOT sites in the same 
reaction mixture.  Analyzing arm-type site mutants in this assay should allow for the 
comparison of integration of a wild-type attDOT with sites containing one or more arm-
type site mutations.  Initially, individual HindIII mutations were made in each of the five 
IntDOT arm-type binding sites and the effects of the mutations were analyzed in the in 
vitro integration competition assay (Figure 2.2A).  The faster migrating bands are the 
recombinants (3.5kb) resulting from recombination between the mutant attDOT plasmids 
and the radiolabeled attB substrate, while the slower migrating bands (5.4kb) are the 
wild-type pBAD-attDOT recombinants.  The attDOT sites with mutations in the R1, R2, 
R2′, and L2 arm-type sites showed levels of recombination of between 10-15%, which is 
similar to that of the wild-type attDOT site.  However, the mutation in the L1 arm-type 
site abolished detectable in vitro integration (Figure 2.2A, Lane 6), demonstrating that an 
intact L1 arm-type site is required for integration to occur. 
 It was possible that IntDOT binds to one or more arm-type sites through protein-
protein interactions among IntDOT monomers, and this might compensate for mutated 
arm-type sites.  In attempts to further disrupt IntDOT interactions with the arm-type 
binding sites as well as uncover any intramolecular interactions, mutations were 
constructed in multiple arm-type sites in the same attDOT DNA and tested in the in vitro 
integration competition assay.  Since the R2 and R2′ arm-type sites are immediately 
adjacent to one another, it was possible that IntDOT may bind cooperatively to the two 
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sites in a manner similar to Int interactions with the contiguous lambda P′ arm-type sites 
and this cooperativity may have overcome the defects of single arm-type site mutations 
(3, 18, 31). However, the attDOT site with both the R2 and R2′ arm-type sites mutated 
showed levels of integration similar to the wild-type attDOT site (Figure 2.2B, lane 2), 
suggesting that the integration reaction proceeds normally with mutations in these two 
sites.  Substrates with mutations in both the R1 and R2 arm-type sites or the R1 and R2′ 
arm-type sites (Figure 2.2B, Lanes 4 and 5) showed no detectable levels of 
recombination.  This result demonstrated that attDOT sites with mutated R2 or R2′ arm-
type sites are defective when combined with a mutated R1 arm-type site and suggests that 
intramolecular interactions between IntDOT monomers are involved in the binding of 
IntDOT to the R1, R2 and R2′ arm-type sites.  Additionally, an attDOT site with three 
arm-type site mutations (R2/R2′/L2) showed no defect in integration frequency (data not 
shown), demonstrating that integration can proceed even with three of five arm-type sites 
mutated.  This result suggests that there are no cooperative interactions between the left 
and right sides of the crossover region during integration.  A summary of the integration 
results is shown in Table 2.3.  
Identification of an additional arm-type binding site 
 The results of the in vitro integration competition assays demonstrated that the L1 
arm-type site was the only individual arm-type site absolutely required for integration to 
proceed.  This was surprising, since multiple arm-type sites are required for integration 
reactions of other site-specific recombination systems (13, 27, 28).  It was possible that 
there might be additional arm-type sites that were not detected by DNase I footprinting.  
Since the results above showed that the L1 arm-type site plays an important role in the 
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integration reaction, we hypothesized that if the same sequence as the L1 site appears 
elsewhere on the attDOT attachment site then it might also serve as an IntDOT arm-type 
site.  Examination of the sequence around the R1 arm-type site showed that there is 
nearly an exact match to the L1 site immediately upstream of the R1 arm-type site.  This 
sequence was partially protected by DNase I footprinting experiments done previously 
(11) (Figure 2.3).  A HindIII site was inserted into this sequence (Figure 2.1B) and the 
effect of the mutation was examined in the in vitro integration competition assay.  A 
mutation in this sequence abolished detectable in vitro integration (Table 2.3).  This 
result demonstrated that this sequence was likely required for integration, and the 
sequence was named the R1′ site.  The identification of the R1′ site indicated that both 
the R1′ and L1 arm-type sites are required for integration.   
Effect of arm-type binding site mutations on the in vitro excision reaction 
 To examine the roles of the arm-type sites in excision of CTnDOT, analogous 
HindIII mutations were made in the arm-type binding sites on the attL and attR sites and 
tested in an in vitro excision competition assay.  The assay is a modified version of a 
previously developed intermolecular excision assay that uses three plasmids (12). 
Recombination results in the formation of cointegrate plasmids containing two drug 
resistances and can be detected on the appropriate selective media.  Ratios of wild-type to 
mutant excision frequencies were determined for each assay.  The internal standard in the 
in vitro excision competition assay provides a consistent means of comparing wild-type 
and mutant excision frequencies. 
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 The results of the in vitro excision competition assays are shown in Figure 2.4.  
Substrates with HindIII sites in the R1, R1′ and L1 arm-type sites showed the greatest 
decrease in excision frequency, between 10- and 20-fold.  Mutations in the R2 and R2′ 
arm-type sites had less of an effect on excision. As was seen with integration, mutations 
in the L2 arm-type site caused no change in excision frequency.  These results show that 
R1′ and L1 are the only individual arm-type sites which affect both integration and 
excision.   
 attR sites containing combinations of two mutated arm-type sites were also 
constructed to determine if IntDOT protein-protein interactions were required for 
efficient excision, similar to what was seen in the integration reaction.  The greatest 
decrease in excision frequency was seen with an attR site with mutated R1 and R2 arm-
type sites, which showed a 15- to 20-fold decrease in excision.  This is, at best, only a 
slightly greater defect than was seen with attR sites containing individual mutations in 
either the R1 or R2 arm-type sites.  An attR site with mutated R1 and R2′ arm-type sites 
showed approximately the same defect in excision as was seen with an attR site with the 
R1 arm-type site individually mutated.  The effect of an attR site with mutated R2 and 
R2′ arm-type sites was similar to what was seen with either of the individual arm-type 
site mutants.  Interestingly, none of the attR sites with two mutated arm-type sites 
affected the excision reaction as dramatically as the effects observed in the in vitro 
integration competition assays.   
 The in vitro excision competition assays demonstrated that arm-type sites that are 
required for integration (R1′, L1 and R1) are also required for efficient excision.  
Interestingly, none of the mutations or combinations of mutations tested completely 
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abolished excision.  It is possible that the action of accessory factors during excision may 
help compensate for mutated arm-type sites and protein-protein interactions between 
IntDOT monomers may not be required for excision.   
Interactions of IntDOT with attDOT core and arm-type sites 
 As demonstrated above, mutations in certain IntDOT arm-type binding sites 
disrupted the integration and excision of CTnDOT.  However, the experiments do not 
reveal the affinity of IntDOT for the various arm-type binding sites or how that affinity 
may be affected by the presence of attDOT core DNA.  Gel shift assays were performed 
with labeled arm-type site DNA to determine if IntDOT has a high enough affinity for 
any of the arm-type sites to detect binding in gel shift assays.  Initially, gel shift assays 
were done using labeled oligonucleotides containing the wild-type arm-type site 
sequences.  Since the R2 and R2′ arm-type sites are located immediately adjacent to one 
another, oligonucleotides containing both the R2 and R2′ sites were utilized in the gel 
shift assays.  There were no detectible gel shifts when IntDOT was incubated with DNA 
containing the R1, R1′ or L2 arm-type sites or a substrate containing both the R2 and R2′ 
arm-type sites (data not shown).   IntDOT was able to shift the L1 arm-type site only 
weakly (Figure 2.5, lanes 2-4), indicating that IntDOT affinity for the site is low.  Since 
none of the other arm-type sites were shifted by IntDOT, IntDOT appears to have a 
stronger affinity for the L1 arm-type site than for the other sites.  The mutated L1 site 
containing a HindIII site was not shifted (data not shown), which indicates that IntDOT 
interactions with the wild-type L1 site were specific for that particular DNA sequence.  
Binding reactions were also performed with the L1 arm-type site in the presence of 
unlabeled oligonucleotides containing the attDOT core.  As shown in Figure 2.5, lanes 5 
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and 6, a supershifted complex was visible, demonstrating that IntDOT was able to form a 
complex with both the L1 arm-type site and the attDOT core.   
 We were also interested in examining interactions of IntDOT with the attDOT 
core.  To gain insight into these interactions, gel shifts were carried out with an 80 bp 
radiolabeled attDOT core containing the D and D′ core-type sites.  This substrate lacks 
any of the identified IntDOT arm-type binding sites.  As shown in Figure 2.6, lane 2, 
IntDOT was able to form a complex with the attDOT core.  In addition to this complex, 
there was also aggregation of protein and DNA in the wells (e.g. Figure 2.6, lane 2), 
which may be due to nonspecific interactions between IntDOT and the attDOT core.     
 Unlabeled oligonucleotides containing either the wild-type or mutant L1 arm-type 
sites were also added to gel shift reactions containing the attDOT core to determine if the 
presence of an arm-type site affected IntDOT interactions with the core.  In a reaction 
containing IntDOT and labeled attDOT core, the addition of DNA containing the wild-
type L1 arm-type site caused a detectable supershift in the migration of the IntDOT-core 
complex (Figure 2.6, lane 3).  This slower migrating complex may correspond to two 
IntDOT monomers bound to the attDOT core with at least one wild-type L1 arm-type site 
bound to one of the monomers.  No supershift was seen when complementary 
oligonucleotides containing the mutant L1 arm-type site were added (Figure 2.6, lane 4).  
Gel shifts performed with unlabeled longer and shorter complementary oligonucleotides 
containing the wild-type L1 arm-type site and the labeled attDOT core showed that the 
DNA containing the L1 arm-type site was part of the supershifted complex (data not 
shown).  The complex caused by aggregation in the wells was less pronounced in binding 
reactions where complementary oligonucleotides containing the wild-type L1 site were 
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present, suggesting that occupancy of the N domains of IntDOT monomers may prevent 
protein aggregation (e.g. Figure 2.6, lanes 2 or 4 as compared to lane 3).  Similar 
supershifted complexes are also seen when DNA containing the R1 arm-type site or both 
the R2 and R2′ arm-type sites were added to binding reactions containing labeled attDOT 
core DNA (Figure 2.6, lanes 5 and 7).  It appears that there are two supershifted 
complexes visible in these lanes; we hypothesize that the faster migrating band is a 
complex containing two IntDOT monomers bound to attDOT core with an arm-type site 
DNA bound to one of the monomers, and that the slower migrating band corresponds to a 
complex with arm-type site DNA bound to both IntDOT monomers interacting with the 
attDOT core.  In contrast, no slower migrating complexes were seen in binding reactions 
with the R1 and R2 and R2′ arm-type sites containing HindIII mutations (Figure 2.6, 
lanes 6 and 8).  The formation of the supershifted complexes was not as efficient with the 
R1 and R2/R2′ arm-type sites when compared to the L1 arm-type site.  These results also 
showed that the formation of the IntDOT/core/arm-type site complex is specific for the 
wild-type arm-type sequences and mutations in the arm-type sites disrupted IntDOT 
interactions with the arm-type sites.        
 To examine IntDOT interactions with the R1 and R1′ arm-type sites in the 
presence and absence of attDOT core DNA, two different substrates containing arm-type 
sites were utilized:  one containing the R1′ arm-type site alone and another containing 
both the R1 and R1′ arm-type sites (Figure 2.7A).  IntDOT does not shift either substrate 
in the absence of attDOT core DNA (data not shown).  However, supershifts are visible 
when IntDOT is incubated with the labeled arm-type site DNA and unlabeled attDOT 
core (Figure 2.7B, lanes 3 and 6).  The supershift seen with the substrate containing both 
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the R1 and R1′ arm-type sites is stronger than the one seen with the R1′ arm-type site 
alone.  This result indicates that IntDOT has a higher affinity for DNA that contains both 
arm-type binding sites in the presence of the attDOT core, suggesting that cooperative 
interactions may be involved in IntDOT binding to the arm-type sites when attDOT core 
DNA is also present. 
  IntDOT interactions with DNA containing the attR arm 
 As described above, IntDOT was only able to shift the L1 arm-type site.  It was 
possible that IntDOT needed specific intramolecular contacts with other monomers to 
interact with the arm-type sites on the attR arm (R1′, R1, R2 and R2′).  We hypothesized 
that a DNA-bending protein may bend the attR arm DNA in such a way as to bring arm-
type sites into closer proximity, thus facilitating protein-protein interactions.  To 
investigate IntDOT interactions with the attR arm, gel shift assays were performed with a 
DNA substrate containing the R1′, R1, R2 and R2′ arm-type sites.  IntDOT alone was 
unable to shift the DNA (Figure 2.8, lanes 2 and 3).  Binding reactions were also 
performed with IntDOT and the labeled substrate in the presence of E. coli IHF because 
IHF has been shown to facilitate IntDOT binding to the full-length attDOT in gel shift 
assays (12).  IHF shifted the DNA at a concentration of 20 nM (Figure 2.8, lane 4) but 
did not shift at a 10-fold lower concentration (2 nM; Figure 2.8, lane 5).  When IntDOT 
was incubated with DNA and IHF, two or three faint supershifts were visible (Figure 2.8, 
lane 6).  If IHF was diluted 10-fold such that it no longer shifted the DNA substrate, the 
supershifted complex disappeared (Figure 2.8, lane 7).  This further demonstrated that 
IntDOT binding was dependent on IHF also being bound to the substrate.  Similar results 
were seen with slightly more diluted IntDOT (Figure 2.8, lanes 8 and 9).  It appears that 
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at least two IntDOT-dependent complexes formed in the presence of IHF (Figure 2.8, 
lanes 6 and 8).  We do not know the exact composition of the complexes, but we 
hypothesize that the faster migrating complex contained one IntDOT monomer and the 
slower migrating complex contained at least two IntDOT monomers.  These results 
suggest that intramolecular IntDOT interactions may be required for IntDOT binding to 
attR arm DNA since complex formation occurred only in the presence of IHF.  IHF might 
bind nonspecifically between the R1 and R2 arm-type sites and bend the DNA, thus 
bringing the two pairs of arm-type sites closer to each other.  When gel shifts were 
performed with a substrate containing the R1, R2 and R2′ arm-type sites but lacking the 
R1′ arm-type site, no supershifts were visible (data not shown), demonstrating that the 
R1′ arm-type site is required for IntDOT complex formation.        
DISCUSSION 
 Tyrosine recombinases that display directionality, such as the integrases of 
lambda, Mycobacteriophage L5, HP1 of Haemophilus influenza, and CTnDOT, interact 
with two different classes of binding sites:  core-type sites and arm-type sites.  These 
proteins contain three domains:  he CB and CAT domains bind to the core-type sites 
during catalysis and the N domain binds to arm-type sites that are distal to core-type sites 
(24, 31-33).  In the lambda system, the binding of Int monomers, along with the action of 
the appropriate accessory factors, are responsible for the formation of productive 
integrative and excisive intasomes (15, 18, 22).  The accessory factors bend the DNA in 
such a way that bivalent Int monomers can form inter- and intramolecular bridges 
between higher-affinity arm- and lower-affinity core-type sites (2, 15, 20). Recent work 
suggests that N domain interactions with arm-type site DNA play a role in regulating 
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DNA binding, cleavage, and Holliday junction resolution (5, 6, 30, 35, 41).  Interactions 
with specific arm-type sites also influence the directionality of recombination.  During 
integration, lambda Int is bound to the P1, P′1, P′2 and P′3 arm-type sites, while during 
excisive recombination the P2, P′1 and P′2 arm-type sites are occupied (3, 14, 27).  
Multiple arm-type sites on both sides of the crossover region are also required for the 
integration of phages L5 and HP1 (13, 28).  We hypothesized that the IntDOT arm-type 
sites should play a similar role in determining the directionality of CTnDOT 
recombination.     
 In this report we used a mutational analysis of the IntDOT arm-type binding sites 
to identify which arm-type sites are involved in the integration and excision of CTnDOT 
(Figure 2.9).  Five arm-type binding sites were identified by previous DNase I 
footprinting experiments (11), but exactly how the arm-type sites participated in the 
directionality of recombination was not known.  We demonstrated that an intact L1 arm-
type site is required for integration to occur.  This result also led to the discovery of the 
R1′ arm-type site, since a portion of its sequence is identical to that of L1.  A mutation in 
the R1′ arm-type site also abolished in vitro integration (Table 2.3), and this result 
demonstrated that the L1 arm-type site was not the only arm-type site required for in vitro 
integration.       
 Since the R1 and R1′ sites are separated by only five base pairs, it was possible 
that this region actually contains only one arm-type site that overlaps with the mutated 
sequences.  We believe that the R1 and R1′ sites are separate arm-type sites for three 
reasons.  First, a DNA substrate containing both the R1 and R1′ arm-type sites appeared 
to increase the affinity of IntDOT for the attDOT core more than what was seen with 
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DNA containing the R1′ arm-type site alone (Figure 2.7, lane 6 versus. lane 3).  Second, 
the observation that mutations in the R1 and R1′ arm-type sites have different effects on 
in vitro integration while both mutations decrease in vitro excision suggests that they are 
two independent arm-type sites.  Third, the length of the arm-type site sequences for 
phages lambda, P22 and L5 is ten bases (28, 31, 37), so if the length of the CTnDOT 
arm-type sites is similar then there is enough space for two arm-type sites.  In other site-
specific recombination systems, such as P22, HP1, L5, and Tn916, arm-type sites are 
often arranged in pairs (13, 19, 28, 37).  It is likely that the R1 and R1′ arm-type sites are 
also arranged in a pair but function as two independent arm-type sites. 
 In addition to the effects seen with attDOT sites with mutations in the R1′ and L1 
arm-type sites, integration was also abolished when the R1 and R2 or the R1 and R2′ 
arm-type sites were both mutated on the same attDOT site (Table 2.3).  This result 
indicates that interactions between IntDOT monomers may be required for IntDOT 
binding to the R1, R2 and R2′ arm-type sites during the integration reaction.  For 
example, an IntDOT monomer bound to one arm-type site may interact with a second 
IntDOT monomer bound to another arm-type site through an intramolecular bridging 
interaction.  It is possible that mutating one arm-type site does not sufficiently disrupt 
interactions so as to inhibit integration.  Cooperativity has also been observed in lambda 
Int interactions with the Pʹ123 arm-type sites (3, 18).   
Further evidence for cooperative interactions between IntDOT monomers when 
binding the arm-type sites was seen in gel shift assays with a substrate containing four 
arm-type sites (R1′, R1, R2 and R2′ arm-type sites) (Figure 2.8, lanes 6 and 8).  
Presumably, four IntDOT monomers bind to attDOT during the integration reaction with 
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one monomer to cleave each strand of the DNA required for recombination.  Since the 
R1′ and L1 arm-type sites are also required for integration, it is possible that five IntDOT 
monomers may be bound to attDOT during integration, and one of the monomers may 
play a structural role in the formation of the integrative intasome.   Since the only other 
protein required for integration is an as-yet unidentified Bacteroides host factor, it is 
likely that the interactions between IntDOT monomers play an important role in 
formation of a productive integrative intasome.   
 Mutational analysis of the arm-type sites revealed that the L1, R1ʹ, and R1 arm-
type sites are also important for efficient excision, although mutations in multiple arm-
type sites (e.g. R1 and R2, R1 and R2ʹ, or R2 and R2ʹ) still retained some in vitro 
excision activity.  Since mutations in multiple arm-type sites did not abolish excision, it 
appears that intramolecular interactions between IntDOT monomers on attR are not as 
important for excision as they are for integration.  This difference may be due to the 
action of accessory factors.  Xis, an accessory protein in the lambda excision reaction, 
bends the DNA and interacts cooperatively with Int binding at the P2 arm-type site (7, 
10, 26, 39, 40).  Lambda Xis also helps drive recombination in the direction of excision 
by inhibiting Int binding to the P1 arm-type site, which is an interaction required for 
integration (23).  The excision reaction of CTnDOT is complex and involves three 
element-encoded excision proteins as well as IntDOT and a Bacteroides host factor (8, 
38).  One or more of the excision proteins may help drive recombination toward excision 
by facilitating IntDOT interactions with one or more arm-type sites, even if the sites are 
mutated.   Binding of accessory factors may play an important role in regulating IntDOT 
interactions with its arm-type sites.   
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 Lambda Int has been shown to form both intramolecular bridges on the same 
attachment site and intermolecular bridges between attL and attR during excision (15, 
16), so it is possible that IntDOT utilizes similar interactions.  In addition to effects that 
accessory factors may have on IntDOT binding, long-range intramolecular interactions 
between IntDOT monomers are likely to be important during excision.  However, 
bridging intermolecular IntDOT interactions are also likely to play an important role in 
intasome formation during excision.  For example, the N domain of one IntDOT 
monomer may bind to one of the arm-type sites on one attachment site (e.g., attR), and its 
CB and CAT domains may be interacting with a core-type site on the partner attachment 
site (e.g., attL).  Previous work on the CTnDOT attR demonstrated that phasing 
mutations that affected the distances between arm-type sites and core-type sites had only 
a modest effect on in vitro excision frequency.  This was hypothesized to be due to 
intermolecular bridging that may occur during excision (11, 12).  Since the mutagenesis 
of multiple arm-type sites on attR did not abolish in vitro excision, it is possible that 
IntDOT interactions with the R1, R2 or R2′ arm-type sites during excision are more 
important for intermolecular bridging interactions. 
  Gel shift assays performed with DNA containing the attDOT core revealed that 
IntDOT was able to form stable complexes with core DNA but not with arm-type site 
DNA, which suggests that IntDOT has a higher affinity for the D and D' core-type sites.  
Lambda Int has a lower affinity for the core-type sites as compared to the arm-type and is 
unable to gel shift the attP core unless arm-type site DNA is provided in trans (29, 31, 
35).  Studies with lambda Int have also demonstrated that the presence of P′1,2 arm-type 
site DNA in trans stimulated Int cleavage activity (35).  Similar experiments performed 
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with IntDOT in the presence of CTnDOT arm-type site DNA failed to show any 
detectable effect on cleavage or ligation activity (M. Wood, unpublished results).  It is 
possible that IntDOT interactions with arm-type site DNA are less important for 
regulating catalytic activity. 
 Although IntDOT was able to shift DNA containing the attDOT core in gel shift 
assays, addition of arm-type site DNA in trans led to the formation of a supershifted 
complex containing both core and arm-type site DNA (Figure 2.6, lane 3).  We do not 
know the stoichiometry of IntDOT binding to the attDOT core substrate.  Because the 
supershifted complex has a similar mobility to that of a complex seen occasionally in gel 
shifts performed only in the presence of IntDOT and the labeled attDOT core, we believe 
this complex contains two IntDOT monomers bound to one attDOT core sequence and 
one or two arm-type sites.  The shift seen when IntDOT is incubated with the attDOT 
substrate alone (Figure 2.6, lane 2) appears to correspond to only one IntDOT monomer 
bound to the DNA, so it is possible that the presence of arm-type site DNA in trans 
stimulates the cooperative binding of the second IntDOT monomer to the attDOT core.  
Our results also suggest that IntDOT forms the most stable complexes when both core- 
and arm-type site DNA is present.   
 The results of gel shift assays also demonstrated that IntDOT binding to arm-type 
site DNA was specific for wild-type sequences.  When IntDOT was incubated with the 
labeled attDOT core and arm-type sites containing HindIII mutations, supershifted 
complexes were no longer detectable (Figure 2.6, lanes 4, 6, 8).  This demonstrates that 
the sequences that we mutated and tested in in vitro integration and excision assays are 
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specifically bound by IntDOT and that we have identified regions of the arm-type sites 
that are important for IntDOT recognition and binding.   
 The interactions of IntDOT with its arm-type sites appear similar to what has been 
seen with lambda Int and other well-characterized tyrosine recombinases.  The 
experiments detailed in this report suggest that IntDOT interactions with arm-type sites 
are enhanced when IntDOT simultaneously binds the attDOT core and that different 
types of interactions are required for integration versus excision.  There is still much that 
is unknown about CTnDOT recombination, especially the complex excision reaction.  
The identity of the Bacteroides host factor(s) required for integration and excision is not 
known, and the binding sites of other accessory factors have yet to be identified.  
Experiments are currently underway to characterize the CTnDOT accessory factors, and 
the data obtained from these studies may help elucidate the structure of the integrative 
and excisive intasomes. 
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TABLES AND FIGURES 
Table 2.1:  Bacterial strains and oligonucleotides used in this study. 
Strain Genotype/Phenotype Description (source) 
DH5αMCR recA Gibco BRL 
DH5α::λpir+ recA pir+ Laboratory Strain 
 
Oligonucleotide Sequence (5′-3′) Reference 
#3-B-Top CGT TGC TCG GAA ATT 
TGC AGT AAA TTT GCG 
CAA TTA AAA TAC TAA 
ACA GTA ATT ATA TCA 
TGG CAG C 
(11) 
GC-#3-B-Top GCT GCC ATG ATA TAA 
TTA CTG TTT AGT ATT 
TTA ATT GCG CAA ATT 
TAC TGC AAA TTT CCG 
AGC AAC G 
(11) 
pGEM-T SP6 Promoter ATT TAG GTG ACA CTA 
TAG AAT ACT CAA GC 
J.M. DiChiara 
(unpublished) 
pGEM-T T7 Promoter TAA TAC GAC TCA CTA 
TAG GGC GAA TTG G 
J.M. DiChiara 
(unpublished) 
DLJ/INW-1/R127R GCT ACT TTT GCA TAC 
GAA GAG 
(12) 
DRJ/2315F TGA TTG TAC TGG CTT 
CAC GAA 
(12) 
DLJ/U487F CTA TGG GCA GAA GAG 
ACT AAG 
(12) 
DRJ/2700R AGG CAC TGT CAA GTC 
ATA GC 
(12) 
WT L1  GTA ATA GGT TAC GAT 
TTA GTT A 
This study 
GC-WT  TAA CTA AAT CGT AAC 
CTA TTA C 
This study 
Mutant L1  GTA ATA GAA GCT TAT 
TTA GTT A 
This study 
GC-Mutant L1  TAA CTA AAT AAG CTT 
CTA TTA C 
This study 
WT R1  ACG AAC AAG TAA CGT 
TGT GGC G 
This study 
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Table 2.1 (cont.) 
GC-WT R1  CGC CAC AAC GTT ACT 
TGT TCG T 
This study 
Mutant R1  ACG AAC AAA AGC TTT 
TGT GGC G 
This study 
GC-Mutant R1  CGC CAC AAA AGC TTT 
TGT TCG T 
This study 
WT R2/R2′  AAC CCT TGT AAC TCA 
ATT CTA TCA CTA TAT C
This study 
GC-WT R2/R2′  GAT ATA GTG ATA GAA 
TTG AGT TAC AAG GGT 
T 
This study 
Mutant R2/R2′ AAC CCT TAA GCT TCA 
AAT CAA GCT TTA TAT 
C 
This study 
GC-Mutant R2/R2′ GAT ATA AAG CTT GAA 
TTG AAG CTT AAG GGT 
T 
This study 
WT L2 GCG CGT TGC GTA ACC 
TTC AAA G 
This study 
GC-WT L2 CTT TGA AGG TTA CGC 
AAC GCG C 
This study 
Mutant L2 GCG CGT TGA AGC TTC 
TTC AAA G 
This study 
GC-Mutant L2 CTT TGA AGA AGC TTC 
AAC GCG C 
This study 
 
GC-Core Top 
ACC TAC GCT CAT TTC 
CAA TAA ATT ACA CTC 
TTT TCG TAA CTT CAC 
TAA GCA AAG TTA CTA 
CAA AAA AGT GAA ATG 
CGG AAA 
This study 
 
Shortened WT L1 AAT AAG TTA CGA TTT This study 
GC-Shortened WT L1 AAA TCG TAA CCT AAT This study 
Longer WT L1 GAT AGT AAT AGG TTA 
CGA TTT AGT TAG TTA 
T 
This study 
GC-Longer WT L1 ATA ACT AAC TAA ATC 
GTA ACC TAT TAC TAT 
C 
This study 
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Table 2.1 (cont.) 
DRJ/MM176F CCC GTT TGT CGC ATT 
ATC GGG 
This study 
DRJ/MM167F CGC ATT ATC GGG CAT 
GGT TAC G 
This study 
DLJ/MM25R TGC GGA AAG ATA TAG 
TGA TAG 
This study 
DRJ/MM167F R1′ Mutant CGC ATT ATC GGG CAT 
GCA ATG CAA CAA GTA 
ACG TTG TGG 
This study 
DLJ/MM25R R2′ Mutant TGC GGA AAG ATA TAC 
ACT ATG AAT TGA GTT 
ACA AGG G 
This study 
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Table 2.2: Quikchange® Mutagenesis Primers.  Only the top strand of each Quikchange 
primer set is shown. 
Primer Sequence (5′-3′) 
R1-HindIII(+T) CCC GTT TGT CGC ATT ATC GGG CAT GGT TAC GAA CAA 
AGC TTT TTG TGG CGT CAG GAT TTG GC 
R2-
HindIII(155) 
GGC TTC ACG AAT TAT AGC CAC TTC AAC TAA AAC CCT 
TAA GCT TCA ATT CTA TCA CTA TAT CTT TTC GC 
R2′-
TATAAG 
(62) 
CCC TTG TAA CTC AAT TCA AGC ACT ATA TCT TTT CGC 
ATT TCA CTT TTT TGT AGT AAC TTT GC 
R2′-
CACCTT 
(62) 
CCC TTG TAA CTC AAT TCA AGC TTT ATA TCT TTT CGC 
ATT TCA CTT TTT TGT AGT AAC TTT GC 
R2′ attR 
TATAAG 
CCC TTG TAA CTC AAT TCA AGC ACT ATA TCT TTC CGC 
ATT TCA CTT TTT TGT AGT AAC TTT GC 
R2′ attR 
CACCTT 
CCC TTG TAA CTC AAT TCA AGC TTT ATA TCT TTC CGC 
ATT TCA CTT TTT TGT AGT AAC TTT GC 
L1-HindIII GGA AAT GAG CGT AGG TTA ATC GCT CTT GAT AGT AAT 
AGA AGC TTA TTT AGT TAG TTA TCT ACT GCA TTA TCC 
TTC TGC GCG TTG CG 
L2-HindIII GCT ACT TTT GCA TAC GAA GAG TTC TTT GAA GAA GCT 
TCA ACG CGC AGA AGG ATA ATG CAG TAG ATA ACT AAC 
TAA ATC G 
R1′-HindIII CCC GTT TGT CGC ATT ATC GGG CAT GAA GCT TAA CAA 
GTA ACG TTG TGG CGT CAG GAT TTG GC 
R2/R2′ Double 
Mutation 
GGC TTC ACG AAT TAT AGC CAC TTC AAC TAA AAC CCT 
TAA GCT TCA AAT CAA GCT TTA TAT CTT TTC GC 
R2/R2′ attR 
Double 
Mutation 
GGC TTC ACG AAT TAT AGC CAC TTC AAC TAA AAC CTT 
TAA GCT TCA AAT CAA GCT TTA TAT CTT TCC GC 
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Table 2.3:  Results of the in vitro integration competition assays with the arm-type site 
mutations.   Data shown is the result of at least four independent assays.  
Arm-type site mutation Effect on integrationa 
Wild-type + 
R1′ - 
R1 + 
R2 + 
R2′ + 
L1 - 
L2 + 
R1/R2 - 
R1/R2′ - 
R2/R2′ + 
R1/R2/R2′ - 
R2/R2′/L2 + 
a Plus signs indicate wild-type levels of integration of 10-15% and minus signs indicate 
no detectable integration.  
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Figure 2.1:  (A) The CTnDOT core- and arm-type sites.  The black boxes indicate 
positions of arm-type sites.  The gray ovals indicate core-type sites.  The vertical arrows 
indicate sites of cleavage.  (B) Alignment of CTnDOT arm-type sites.  The boldface 
bases are the regions in each arm-type site that were mutated to a HindIII sequence (5ʹ-
AAGCTT-3ʹ), while the underlined region denotes bases that were actually changed as a 
result of the mutagenesis.  Six base pairs were mutated for all of the sites except for the 
R2 arm-type site, where the sixth-position T was not changed, and the R2ʹ arm-type site, 
where the third position G and fifth-position T were not changed.  W represents A or T; 
D represents A, T, or G.  The R1ʹ arm-type site was a new site identified in this study. 
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Figure 2.2: (A)  Results of an in vitro integration competition assay using attDOT 
sequences containing mutated arm-type site sequences.  Radiolabeled attB DNA was 
incubated with IntDOT, IHF and two supercoiled plasmids, one containing the wild-type 
attDOT sequence and one containing a mutation in one of the five arm-type sites.  The 
slower-migrating recombinant in each lane is the larger product resulting from the wild-
type internal control, while the faster-migrating recombinant is the product resulting from 
recombination between the mutant attDOT site and the attB sequence.  Lane 1 is a 1-kb 
ladder.  Lane 2 is a control where both the smaller and larger attDOT plasmids contain 
the wild-type sequence.  (B)  Results of an in vitro integration competition assay using 
attDOT sequences containing multiple mutated arm-type sites.  Lane 1 is a 1-kb ladder. 
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Figure 2.3:  The R1 region of protection.  Bases shaded in gray represent regions 
protected by IntDOT in DNase I footprinting experiments performed previously, and the 
boldface type denotes sequence portions previously assigned to R1 (11).  The boxes 
represent bases that were changed in site-directed mutagenesis of the R1ʹ and R1 arm-
type sites. 
 
 
 
 
Figure 2.4:  Effects of arm-type site mutations on excision.  Excision frequencies were 
calculated as described in Materials and Methods, and excision ratios were calculated by 
dividing the wild-type (WT) excision frequency by the mutant excision frequency.  Wild-
type excision frequencies averaged between 1 and 5%.  The values displayed in the figure 
are the results of at least four independent assays. 
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Figure 2.5:  Gel shift analysis of IntDOT complex formation with the L1 arm-type site.  
Experiments were carried out with labeled wild-type L1 DNA alone (lanes 1 to 4) or 
labeled wild-type L1 DNA in the presence of unlabeled complementary oligonucleotides 
containing the attDOT core (lanes 5 and 6).  IntDOT was added to the DNA substrates in 
increasing dilutions, as shown above lanes 2 to 6.  An additional band labeled X is visible 
in all lanes, including the DNA-only lane 1.  We believe this band is due to aberrant 
annealing of the top and bottom oligonucleotides used to make the gel shift substrate.  
The migration shift of this band in lanes 2 and 5 may be due to interactions of a 
contaminating DNA binding protein in the partially purified IntDOT preparation.  The 
cartoons diagrammed on the left of the figure indicate possible stoichiometries of the 
protein-DNA complexes. 
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Figure 2.6:  Gel shift analysis of IntDOT interactions with the attDOT core.  Each 
indicated arm-type site (at approximately 250 nM) was incubated with 40 nM labeled 
attDOT core and a 1:2 dilution of IntDOT, and the mixtures were subjected to 
electrophoresis.  The cartoons diagrammed on the right of the figure indicate possible 
stoichiometries of protein-DNA complexes. 
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(A) 
 
 
(B) 
Figure 2.7: (A) DNA sequences containing the R1ʹ arm-type site or the R1 and R1ʹ arm-
type sites.  (B) Gel shift showing IntDOT binding to DNA containing the R1ʹ or the R1 
and R1ʹ arm-type sites.  Approximately 40 nM of arm-type site DNA was incubated with 
IntDOT alone or with IntDOT and unlabeled attDOT core. 
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Figure 2.8:  IntDOT binding to a gel shift substrate containing four arm-type sites.  A 
120-bp radiolabeled fragment of attDOT was incubated with either 20 or 2 nM IHF and 
decreasing IntDOT concentrations for 15 minutes and then electrophoresed on an 8% 
polyacrylamide gel. 
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Figure 2.9: (A) Roles of the arm-type sites in integration of CTnDOT.  The core-type 
sites D and Dʹ are shown as gray ovals.  Arm-type sites shown as black boxes are 
required for integration.  Arm-type sites represented by gray boxes were found to be 
important for intramolecular interactions between IntDOT monomers during integration.  
Arm-type sites shown in white are not required for integration.  (B) Roles of the arm-type 
sites in excision of CTnDOT.  The core-type sites D and Dʹ are shown as light gray ovals 
and the core-type sites B and Bʹ are shown as dark gray ovals.  Arm-type sites, 
represented by gray boxes, stimulate excision, and arm-type sites, shown as white boxes, 
are not required for excision.  (The illustrations not drawn to scale). 
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Chapter 3 
Effects of Arm-Type Site DNA In Trans on IntDOT Catalytic Activity 
 
INTRODUCTION 
 The tyrosine recombinase lambda Int is responsible for catalyzing the integration 
and excision of bacteriophage lambda from the E. coli chromosome.  Int contains two 
different DNA binding domains (11).  The core-binding (CB) and catalytic (CAT) 
domains interact with core-type sites immediately adjacent to the region of cleavage and 
strand exchange, and the tyrosine nucleophile required for cleavage and strand exchange 
is found in the CAT domain.  The N-terminal arm-binding (N) domain binds arm-type 
sites that are distal to the core-type sites.  Traditionally, the only function of the N 
domain was thought to be binding to arm-type sites and delivering the C-terminal domain 
of Int to the lower affinity core-type sites, thus contributing to the formation of the 
integrative or excisive intasomes (10, 13).  More recent research has shown that the N 
domain in fact regulates Int catalytic activity.  A truncated Int containing the CB and 
CAT domains but lacking the N domain has increased cleavage and DNA binding 
activity as compared to the full-length protein (13).  This suggests that the N domain 
suppresses catalytic activity of the full-length Int.  However, when annealed 
oligonucleotides containing the the Pʹ1,2 arm-type sites are provided in trans, the N 
domain suppression of cleavage and DNA binding is eliminated (12).  Arm DNA in trans 
also improves the efficiency and efficacy of Int resolution of Holliday junctions (10). 
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 Like Int, the integrase of CTnDOT (IntDOT) also contains three different 
domains.  DNase I footprinting and site-directed mutagenesis experiments demonstrated 
that IntDOT interacts with four core-type sites and six arm-type sites (Figure 3.1) (2, 15).  
The L1 and R1ʹ arm-type sites were required for the integration reaction, and IntDOT 
was only able to shift the L1 arm-type site in gel shift assays (15).  We hypothesized that 
IntDOT interactions with the L1 arm-type site may be important for catalytic activity.  
The goal of the experiments detailed in this chapter was to determine if arm-type site 
DNA in trans stimulates IntDOT catalytic activity. 
MATERIALS AND METHODS 
Enzymes and reagents 
 All oligonucleotides shown in Table 3,1 were obtained from IDT.  [γ-32P]ATP 
was ordered from Perkin-Elmer, and T4 polynucleotide kinase (PNK) was obtained from 
Fermentas. 
  IntDOT cleavage assays in the presence of arm-type site DNA in trans 
 The cleavage substrate used in in vitro cleavage assays is described in (6) and 
oligonucleotides utilized are listed in Table 1.  A schematic illustrating the cleavage 
assays is shown in Figure 3.2.  The top strand  T4-attDOT (Table 3.1) was 5ʹ-radiolabeled 
with [γ-32P]ATP as described previously (15), and the labeling reaction was cleaned up 
with G-25 columns (GE Healthcare).  The labeled top strand was annealed to the bottom 
strand JG02B at a 1:5 ratio in 10 mM Tris-HCl, pH 8, 100 mM KCl, and 5 mM EDTA.  
Assays were performed as described (3), with minor modifications.  Double-stranded 
cleavage substrate (43 pmol) was incubated in the presence or absence of annealed 
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oligonucleotides containing arm-type site DNA (15) with a 1:2 dilution of partially 
purified IntDOT (2) in 12 μl of cleavage reaction mixture (20 mM Tris-HCl [pH 8], 5 
mM DTT, 0.05 mg/ml bovine serum albumin [BSA], 1% glycerol) plus 50 µg/ml herring 
sperm DNA at 37°C for 2 hours. The reactions were quenched with 4 µl of 4x sample 
buffer (200 mM Tris-HCl [pH 6.8], 400 mM DTT, 8% SDS, 0.4% bromophenol blue, 
40% glycerol) and boiled for 5 minutes.  10 µl of each reaction were electrophoresed on 
4-20% gradient Tris-Glycine SDS gels to resolve the protein-DNA complexes away from 
the unreacted cleavage substrate.  The gels were exposed to imaging plates (IPs) and 
visualized using a FujiFilm FLA-3000 PhosphorImager and FujiFilm ImageGauge 
software (version 3.4 for Macintosh).  Percent cleavage was calculated by dividing the 
number of counts present in the cleavage product band by the total number of counts in 
the cleavage product band and the unreacted substrate band. 
IntDOT ligation assays in the presence of arm-type site DNA in trans 
 The ligation substrate used in in vitro ligation assays is described in (7), and 
oligonucleotides utilized are listed in Table 1.  The oligonucleotide containing a 3ʹ-para-
nitrophenol group, JG02(pNP), was radiolabeled with [γ-32P]ATP as described previously 
(15) and cleaned up with a G-25 column (GE Healthcare).  The labeled pNP 
oligonucleotide was annealed with JGO2T and JGO2B in a 1:5:10 ratio in 10 mM Tris-
HCl, pH 8, 100 mM KCl and 5 mM EDTA.  A 1:2 dilution of IntDOT was mixed with 
varying concentrations of annealed oligonucleotides containing arm-type sites, 6.5 pmol 
of ligation substrate, 50 µg/ml herring sperm DNA and ligation buffer (50 mM Tris-HCl 
[pH 8], 1 mM EDTA, 65 mM KCl, 10% glycerol, 200 μg/ml BSA).  The reactions were 
incubated at 37˚C for 1 hour and then quenched with 14 µl of 90% formamide in TE and 
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7 µl of loading dye.  After heating at 100˚C for two minutes, reactions were plunged into 
an ice bath immediately prior to electrophoresis on a pre-run 15% polyacrylamide-8% 
urea-TBE (tris-borate-EDTA) gel for 2 hours at 600 V.  Gels were then exposed to IPs 
and visualized using a FujiFilm FLA-3000 PhosphorImager and FujiFilm ImageGauge 
software (version 3.4 for Macintosh).  Percent ligation was calculated by dividing the 
counts associated with the ligation product by the total counts contained in the ligation 
product and the unreacted ligation substrate. 
RESULTS 
Wild-type L1 arm-type site DNA in trans inhibits IntDOT cleavage activity 
 As mentioned above, IntDOT appears to have a higher affinity for the L1 arm-
type site than for other arm-type sites.  We decided to add annealed oligonucleotides 
containing the wild-type L1 arm-type site to in vitro IntDOT cleavage reactions to 
determine if the presence of the L1 arm-type site affected catalytic activity.  Herring 
sperm DNA was present in all cleavage assays to reduce nonspecific binding by the C-
terminal domain of IntDOT to the arm-type site DNA.  In the lambda system, Int 
demonstrated increased cleavage activity when oligonucleotides containing the Pʹ1, 2 
arm-type sites were provided in trans (13).  Interestingly, the presence of the L1 arm-type 
site inhibited cleavage activity as compared to a cleavage assay performed in the absence 
of L1 DNA (Figure 3.3, lanes 1-4 as compared to lane 9).  As L1 arm-type site DNA was 
diluted (from 60 µM in Figure 3.3, lane 1 to 7.5 µM in lane 4) the IntDOT cleavage 
activity increased.  L1 arm-type site DNA concentrations ranging from 60 nM to 60 µM 
were tested in cleavage assays.  At the highest concentrations (60 µM) the greatest 
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inhibition of cleavage was detected, while at the lowest concentration (60 nM) the 
cleavage activity was the same as negative control cleavage reactions lacking arm-type 
site DNA in trans (data not shown).  No enhancement of cleavage activity was ever 
detected.   
Cleavage assays were also performed with annealed oligonucleotides containing a 
substituted L1 arm-type site containing a HindIII site (15).  As shown in Figure 3.3, the 
addition of mutant L1 DNA in concentrations ranging from 60 µM in lane 5to 7.5 µM in 
lane 8 did not affect IntDOT cleavage activity.  These results suggested that IntDOT 
catalytic activity may not be mediated by interactions with the L1 arm-type site.   
Other arm-type sites inhibit IntDOT cleavage activity 
 Similar cleavage assays were performed with DNA fragments containing the R2 
and R2ʹ arm-type sites.  When annealed oligonucleotides containing the both the wild-
type R2 and R2ʹ arm-type sites were added to cleavage assays, IntDOT cleavage activity 
decreased (Figure 3.4).  The same effect was seen when the mutant R2/R2ʹ arm-type sites 
were provided in trans (Figure 3.4).  Analogous results were also seen with the wild-type 
and mutant R1 (Figure 3.5) and R1ʹ arm-type sites (data not shown).  However, cleavage 
assays performed in the presence of nonspecific annealed oligonucleotides also showed 
decreased cleavage activity (data not shown), suggesting that the inhibition of cleavage 
activity is due to nonspecific IntDOT interactions with the DNA provided in trans.  
L1 arm-type site DNA in trans increases in vitro ligation activity 
 We also examined the effects of arm-type site DNA in trans on in vitro ligation 
activity.  A schematic illustrating the in vitro ligation assay is shown in Figure 3.6.  We 
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performed ligation assays in the presence of wild-type or mutant L1 arm-type site DNA.  
As in the cleavage assays, herring sperm DNA was added to ligation reactions to limit 
nonspecific IntDOT/DNA interactions.  At the highest L1 concentration, 25 µM, ligation 
activity was decreased to barely detectable levels (Figure 3.7, lane 3).  This may have 
been due to nonspecific IntDOT interactions with the arm-type site DNA.  However, 
when the L1 DNA concentration was decreased to 2.5 µM, ligation activity was 
approximately 2-fold higher (Figure 3.7, lane 4).  The effect was small, but reproducible.  
Adding annealed oligonucleotides containing the mutant L1 arm-type site in trans did not 
affect ligation activity (Figure 3.8).  The addition of wild-type and mutant R1 arm-type 
sites also showed no effect on ligation activity (data not shown).  The modest increase in 
IntDOT in vitro ligation activity appeared to be sequence specific, since the mutated arm-
type site and both the wild-type and mutant R1 arm-type sites did not stimulate ligation 
activity.  
DISCUSSION 
 Heterobivalent tyrosine recombinases (like Int and IntDOT) interact with two 
different classes of DNA binding sites with different consensus sequences and differing 
affinities (9, 11, 13).  Integrase interactions with both types of sites are necessary for 
formation of integrative and excisive intasomes.  However, lambda Int interactions with 
arm-type site DNA are also important for overcoming N domain inhibition of catalytic 
activity (13).  Int binding to annealed oligonucleotides containing the Pʹ1, 2 arm-type 
sites in trans stimulated catalytic activity, attP core binding, and Holliday junction 
resolution (10, 13).  With the recent discovery that the N domain of lambda Int is an 
important regulator of the catalytic activity of the C-terminal domain, it became possible 
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that other tyrosine recombinases that display directionality (like IntDOT) may be 
regulated by similar mechanisms (10, 13).  The experiments detailed above fail to 
demonstrate that arm-type site DNA in trans overcomes any potential inhibition by the N 
domain of IntDOT (Figures 3.3 through 3.5).  The addition of wild-type L1, R2/R2ʹ, or 
R1 arm-type site DNA in trans decreased rather than stimulated in vitro cleavage activity.  
The suppression of cleavage activity appears to be due to nonspecific IntDOT 
interactions with the annealed oligonucleotides, since randomly generated sequences also 
showed the same effect (data not shown).  Surprisingly, the presence of mutant L1 arm-
type site DNA in trans does not decrease IntDOT cleavage activity (Figure 3.3, lanes 5-
8).  We do not understand this result, but there may be a feature of the mutant L1 
sequence that inhibits IntDOT interactions.   
 The presence of the wild-type L1 arm-type site in trans did modestly stimulate 
IntDOT in vitro ligation activity (Figure 3.7).  This effect appears to be sequence-
specific, as the mutant L1 and wild-type and mutant R1 arm-type sites did not affect 
ligation activity (Figure 3.8 and data not shown).  Despite varying the concentration of 
wild-type L1 DNA added to the ligation assays, ligation activity did not increase more 
than 2-fold (Figure 3.7, data not shown).  Due to this very slight increase, we cannot say 
that this result is significant.  To the best of our knowledge, these are the first 
experiments that have examined the effects of arm-type site DNA in trans on ligation 
activity of a tyrosine recombinase. 
 Exactly why we detected no significant effects from the addition of arm-type site 
DNA in trans is not well understood.  It is possible that IntDOT catalytic function is 
regulated differently than lambda Int.  There are established differences between IntDOT 
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and Int that support this possibility.  First, IntDOT has a higher affinity for the core-type 
sites D and Dʹ and can shift a substrate containing both sites in a gel shift assay (15).  The 
high affinity of IntDOT for the core-type sites may make interactions with arm-type sites 
less essential for regulating catalytic activity.  In contrast, Int cannot shift the attP core 
unless oligonucleotides containing the Pʹ1, 2 arm-type sites are provided in trans (13).  
Second, IntDOT can recombine substrates that lack sequence identity between partners 
within the overlap region (7, 8).  Most other tyrosine recombinases, including Int, require 
homology in the overlap region between recombining att sites (1, 14).  Lastly, the 
location of one bp of homology in the overlap region determines whether IntDOT cleaves 
the top or bottom strand during in vitro integration (5).  In the lambda system, the 
location of the arm-type sites (not the orientation of the overlap region) dictates the order 
of strand exchange (4).  These differences suggest that IntDOT may belong to a unique 
class of tyrosine recombinases (5) and this may explain why arm-type site DNA in trans 
did not stimulate catalytic activity. 
 It is also possible that we were unable to find the appropriate conditions to cause 
the enhancement of in vitro cleavage or ligation activity.  Although we tested multiple 
arm-type sites at many different concentrations, we may have not used the exact 
concentration necessary to detect the enhancement effect seen in the lambda system.  Not 
every arm-type site was tested in both assays.  Ligation assays were not performed in the 
presence of the R1ʹ arm-type site since it was identified after the experiments detailed 
above were performed.  Since no significant effects were seen with the other arm-type 
sites, the studies were discontinued before all arm-type sites could be tested. 
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FIGURES 
 
Figure 3.1:  IntDOT arm- and core-type sites.  Arm-type sites are denoted by black 
boxes.  Core-type sites are denoted by gray ovals.  Arrows indicate the overlap region 
where cleavage and strand exchange occurs.  Numbers indicate the location of the arm-
type sites relative to the central base in the overlap region, which is denoted “0.” 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2:  IntDOT in vitro cleavage assay.  A short oligonucleotide that has a 3ʹ end 3 
bases past the cleavage site on attDOT is radiolabeled with [γ-32P]ATP and annealed to a 
complete attDOT bottom strand.  If IntDOT cleaves at the top strand cleavage site, the 3 
bp fragment diffuses away from the protein-DNA intermediate, preventing re-ligation.  
The difference in migration between the intermediate and the unreacted cleavage 
substrate can be visualized on a 4-20% Tris-Glycine-SDS gel. 
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Figure 3.3:  IntDOT cleavage assay in the presence of wild-type and mutant L1 arm-type 
site DNA in trans.  Lanes 1 through 4 show cleavage assays in the presence of decreasing 
concentrations of annealed oligonucleotides containing the wild-type (WT) L1 arm-type 
site in trans.  Lanes 5 through 8 show cleavage assays in the presence decreasing 
concentrations of annealed oligonucleotides containing the mutant L1 arm-type site in 
trans.  Lane 9 shows a cleavage assay performed in the absence of arm-type DNA in 
trans. 
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Figure 3.4:  IntDOT cleavage activity in the presence of annealed oligonucleotides 
containing the R2 and R2ʹ arm-type sites.  Cleavage activity in the presence of the wild-
type R2 and R2ʹ arm-type sites in trans is shown in blue, and cleavage activity in the 
presence of mutated R2 and R2ʹ arm-type sites in trans is shown in red.  Each data point 
is the result of at least four independent cleavage assays. 
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Figure 3.5:  IntDOT cleavage activity in the presence of annealed oligonucleotides 
containing the wild-type or mutant R1 arm-type sites.  Cleavage activity in the presence 
of the wild-type (WT) R1 arm-type site is shown in blue, and cleavage activity in the 
presence of the mutated R1 arm-type site is shown in red.  Each data point is the result of 
at least four independent assays. 
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Figure 3.6:  IntDOT in vitro ligation assay. The ligation substrate, containing a 3ʹ-
phospho-para-nitrophenyl oligonucleotide, mimics the 3’-phosphotyrosine intermediate 
of the recombination reaction.  When IntDOT binds the DNA and performs a cleavage 
reaction, the pNP is released and ligation can be detected as a 44 bp product on a 
denaturing gel.  
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Figure 3.7:  IntDOT in vitro ligation assays in the presence of wild-type L1 arm-type site 
DNA in trans.  The slower migrating ligation intermediate can be separated from the 
substrate using a polyacrylamide-urea-TBE denaturing gel.  Lane 1 is a ligation reaction 
performed in the absence of IntDOT.  Lane 2 is a ligation assay performed in the absence 
of wild-type L1 arm-type site DNA.  The table to the right shows calculated ligation 
percentages. 
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Figure 3.8:  IntDOT ligation activity in the presence of mutant L1 arm-type site DNA in 
trans.  Lane 1 is a ligation assay performed in the absence of IntDOT, and lane 2 is a 
ligation assay performed in the absence of mutant L1 arm-type site DNA.  The table 
shown to the right shows calculated ligation percentages. 
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Chapter 4 
Protein/DNA Interactions Required for NBU1 Excision 
 
INTRODUCTION 
 Mobilizable transposons are genetic elements that can catalyze their own 
integration into host chromosomes but are dependent on co-resident conjugative 
transposons (CTns) or plasmids for excision and transfer into recipient cells (31, 37).  
They have been implicated as contributing to the increase in antibiotic resistances 
observed in Bacteroides spp. (9, 40).  The best characterized mobilizable transposon in 
Bacteroides spp. is NBU1.  NBU1 encodes an integrase (IntN1) that is required for both 
integration into and excision from the bacterial chromosome.  IntN1 is a tyrosine 
recombinase that contains the signature RKHRHY motif in its C-terminus (25, 32).  A 
Bacteroides-encoded host factor is also required for the site-specific integration into the 
attBT1-1 site located at the 3ʹ end of a leucyl-tRNA gene.  An identical fourteen base pair 
sequence located on attBT1-1 and NBU1 (attN1) is known as the “common core” and this 
sequence is duplicated upon integration (26, 34).  The mechanism that IntN1 employs 
during integration appears to differ from other well-studied tyrosine recombinases like 
lambda Int.  A previous study demonstrated that creating specific mismatches between 
the attN1 and attBT1-1 overlap sequences increased the integration frequency 100-fold 
(30).  This is the only system identified thus far where mismatches in the overlap region 
enhance recombination frequency. 
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NBU1 excision has not been as extensively characterized as the integration 
reaction.  A previous study demonstrated that in addition to IntN1, the protein products 
from four element-encoded open reading frames are involved in excision:  orf2x, orf2, 
orf3, and prmN1 (Figure 1) (33).  All five proteins were required when a Southern blot 
assay was used to detect excision from the Bacteroides chromosome.  However, some 
excision was detected using a more sensitive PCR-based assay to detect the joined ends 
of NBU1 (attN1) when in-frame deletions were constructed in orf2, orf3, or prmN1.  No 
excision was detected when intN1 or orf2x were disrupted, demonstrating that IntN1 and 
Orf2x are the only two proteins absolutely required for excision (N. Shoemaker, 
unpublished results).  Efficient excision also requires a cis-acting DNA sequence located 
downstream of prmN1 that includes the oriT and 2/3 of the mobN1 gene (33).  This 
region has been named the Excision Required Sequence, or XRS (Figure 4.1)  It is 
possible that the one or more excision proteins bind to the oriT and prevent it from being 
nicked until NBU1 fully excises from the chromosome, although this has not been 
demonstrated (33).    
NBU1 also requires proteins encoded by an endogenous CTn such as CTnDOT 
for transfer to a recipient cell.    CTnDOT encodes a two-component regulatory system 
consisting of the rteA and rteB genes. rteA encodes the sensor kinase and rteB encodes 
the response regulator (36).    RteB activates expression of the operon containing orf2 and 
orf2x on NBU1 (K. Moon, unpublished results).  Since expression of rteA and rteB is 
dependent on the presence of tetracycline, NBU1 does not excise unless tetracycline is 
present (31, 37).     
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 Orf2x is a 104 amino acid protein and contains a putative helix-turn-helix motif.  
Because Orf2x is a small, basic protein that is required for excision, it likely belongs to a 
class of proteins called recombination directionality factors (RDFs).  In systems that 
show directionality, Integrase proteins are required for both integration and excision.  
RDFs are responsible for promoting excisive recombination and often inhibiting 
integration (1).  One well-studied RDF is Xis, a protein required for the excision of phage 
lambda.  Xis binds to attR and bends the DNA, which facilitates Int binding and the 
formation of higher order nucleoprotein complexes called intasomes.  Xis also interacts 
with Int through direct protein-protein interactions (4, 7, 38, 39).  It is possible that Orf2x 
may perform similar functions during the excision of NBU1.  The binding site(s) of 
Orf2x has not been identified. 
Presumably, IntN1 is similar to lambda Int in that it contains three different DNA 
binding domains.  The core-binding (CB) and catalytic (CAT) domains interact with 
core-type sites that are immediately adjacent to the overlap sequence where cleavage and 
strand exchange occurs.  The N-terminal arm-binding (N) domain binds arm-type sites 
that are distal to the overlap sequence (1, 21).  However, the exact binding sites of IntN1 
have not been identified.  In this study, gel shift assays, DNase I footprinting 
experiments, and mutagenesis were utilized to characterize IntN1 and Orf2x interactions 
during excision.   
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MATERIALS AND METHODS 
Bacterial strains, growth conditions and reagents 
All oligonucleotides were obtained from IDT and are listed in Table 4.1.  E. coli 
strain BL21 (DE3) was purchased from Promega.  BL21 (DE3) ihfA was constructed by 
P1 transduction of a himA Δ82 deletion (18, 19)  linked with Tn10 (TetR) (J. Gardner, 
unpublished results).   All E. coli strains were grown in Luria-Bertani broth (3).  
Deoxyribonuclease I was supplied by Worthington.  Antibiotics and Bovine Serum 
Albumin (BSA) were supplied by Sigma.  T4 Polynucleotide Kinase (T4 PNK) was 
obtained from Fermentas and [γ-32P]ATP was obtained from Perkin-Elmer.  
Dithiothreitol (DTT) and Isopropyl β-D-1-thiogalactopyranoside (IPTG) were purchased 
from RPI.  Antibiotics were used at the following concentrations:  Ampicillin (Amp), 100 
µg/mL; Kanamycin (Kan), 50 µg/mL; Tetracycline, 10 µg/mL. 
Purification of IntN1 
 The intN1 gene was cloned into pET28a as described previously (25) to construct 
pET28a-intN1 (Table 4.1).  The plasmid was transformed into BL21 (DE3) ihfA for 
overexpression.  Two 5 mL overnight cultures were grown in LB+Kan overnight at 37˚C, 
then subcultured 1:100 into 1 L of LB+Kan and grown at 37˚C to an O.D.600 of 0.5.  
IPTG was added to the culture to a final concentration of 1 mM and growth was shifted 
to 30˚C for six hours.  The culture was then harvested by centrifugation and the cells 
stored at -80˚C overnight.  The cells were thawed on ice and 30 mL of S-150 lysis buffer 
was added (50 mM Sodium phosphate, pH 8, 150 mM NaCl, 1 mM DTT, 0.02 mg/ml 
lysozyme).  Cells were lysed by sonication and cell debris was collected by centrifugation 
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at 10,000 x g for 60 minutes.  The crude extract was filtered through a Fisher brand filter 
as described previously (25) and then loaded onto four heparin agarose columns attached 
in tandem and eluted with a 0-2 M linear NaCl gradient of high salt buffer (50 mM 
Sodium phosphate, pH 8, 2 M NaCl, 1 mM DTT).  IntN1 eluted off the column at 
approximately 500 mM NaCl.  Peaks corresponding to absorbance at 280 nm were 
collected and analyzed using SDS-PAGE to identify fractions containing a 53 kDa 
protein, which is the size of IntN1.  Fractions were screened for activity using DNA 
cleavage assays with attBT1-1 substrate as described previously (25).  Active fractions 
were pooled and dialyzed into SU-75 buffer (50 mM Sodium phosphate, pH 8, 150 mM 
NaCl, 5% glycerol, 2 mM DTT).  The dialyzed IntN1 preparation was then loaded onto a 
HiLoad 16/60 Superdex 75 preparative-grade column (GE Healthcare).  IntN1 eluted 
approximately 40 mL after loading as an approximately 50 kDa monomer.  After 
confirming that IntN1 was still active following gel filtration chromatography, fractions 
were pooled and dialyzed into storage buffer (50 mM Sodium phosphate, pH 8, 150 mM 
NaCl, 1 mM DTT, 40% glycerol) and stored at -80˚C.  SDS-PAGE analysis of IntN1 
following purification is shown in Figure 4.3.   
Partial purification of Orf2x  
 The wild-type orf2x gene was cloned into the NdeI and EcoRI sites of pET27b 
using primers Nde1-orf2x and orf2x-EcoRI, creating plasmid pLR21 (Table 4.1) (L. 
Rajeev, unpublished results).  Expression of the orf2x gene was dependent on T7 RNA 
Polymerase.  The plasmid was sequenced by the UIUC Core Sequencing Facility to 
ensure that there were no mutations in the orf2x coding sequence.  pLR21 was 
transformed into BL21 (DE3) ihfA.  To overexpress Orf2x, 5mL cultures were initially 
99 
 
grown overnight in LB+Kan at 37˚C, then subcultured 1:100 in 2 L of LB+Kan and 
grown at 30˚C to mid-log phase.  IPTG was then added to the culture to a final 
concentration of 0.1 mM and growth was shifted to room temperature for 4 hours.  Cells 
were harvested by centrifugation and stored at -80˚C.  Cells were thawed on ice, then 
resuspended in 40 mL of  low salt lysis buffer (50 mM Sodium phosphate, pH 8, 400 mM 
NaCl, 1 mM EDTA, 5% glycerol, 1 mM DTT, 0.02 mg/ml lysozyme).  The suspension 
was lysed by sonication and cell debris was collected by centrifugation at 10,000 x g for 
60 minutes.  The crude extract was loaded onto four 5 mL volume heparin agarose 
columns (GE Healthcare) attached in tandem, and eluted with a linear NaCl gradient of 0 
to 2 M high-salt buffer (50 mM Sodium phosphate, pH 8, 2 M NaCl, 1 mM EDTA, 5% 
glycerol and 1 mM DTT).  Fractions corresponding to peaks showing absorbance at 280 
nm were subjected to electrophoresis on SDS-PAGE gels to ascertain the presence of a 
12 kDa band.  Liquid chromatography mass spectroscopy was performed by the UIUC 
Protein Sciences Facility to confirm the identity of the 12 kDa band as Orf2x.  Previous 
experiments had demonstrated that Orf2x binds attL (L. Rajeev, unpublished results), so 
protein activity was evaluated using gel shift assays with attL DNA.  Active fractions 
were pooled and dialyzed against low salt SP column buffer (50 mM Sodium phosphate, 
pH 8, 50 mM NaCl, 1 mM EDTA, 5% glycerol, 1 mM DTT).  The dialyzed Orf2x 
preparation was then loaded onto one 5 mL SP sepharose column (GE Healthcare) and 
eluted with a linear gradient of 0 to 2 M of high salt buffer.  Fractions showing gel shift 
activity were pooled and dialyzed overnight into low salt storage buffer (50 mM Sodium 
phosphate, 50 mM NaCl, 1 mM EDTA, 40% glycerol, 1 mM DTT). 
100 
 
 To determine if Orf2x functions as a multimer, heparin agarose fractions showing 
Orf2x activity were pooled and dialyzed in SU75-Orf2x buffer (50 mM Sodium 
phosphate, pH 8, 150 mM NaCl, 1 mM EDTA, 5% glycerol, 2 mM DTT), then loaded on 
to a HiLoad 16/60 Superdex 75 preparative-grade column (GE Healthcare) in SU75-
Orf2x buffer.  Orf2x eluted approximately 65 mL, which corresponds to an 
approximately 24 kDa dimer. 
Gel shift assays 
 A 258 bp attL substrate was PCR amplified from pLR20 using primers LR207 
and LR200 (Table 4.1) and purified using a Qiagen PCR Purification Kit.  The DNA was 
5ʹ-radiolabeled with [γ-32P]ATP and T4 PNK, gel extracted and precipitated as described 
previously (41).  A 228 bp attR gel shift substrate was PCR amplified from pLR20 with 
primers LR212 and LR193 (Table 4.1) and similarly prepared.  Gel shift assays were 
performed in GSBA75 buffer (50 mM Tris-HCl, pH 8, 1 mM EDTA, 50 mM NaCl, 10% 
glycerol, and 0.075 µg/µL herring sperm DNA).  Crude extract or partially purified Orf2x 
was incubated with 10 nM of attL or attR DNA for twenty minutes at room temperature, 
then loaded on a pre-run 5% polyacrylamide gel and subjected to electrophoresis at 20 
mA for two hours.  The gel was then vacuum dried and exposed to an imaging plate and 
visualized using a FujiFilm FLA-3000 Phosphorimager and FujiFilm Image Gauge 
software (version 3.4 for Macintosh).  Gel shift assays to examine IntN1 binding to attL 
in the presence or absence of Orf2x or E. coli IHF were performed as described above. 
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DNase I footprinting of Orf2x and IntN1  
 A DNA fragment containing attL was used in DNase I footprinting experiments 
with Orf2x, and DNA fragments containing attL, attR, and attN1 were used in DNase I 
footprinting experiments with IntN1.  To amplify the substrates, a forward primer 
containing 6-carboxyfluorescein phosphoramidate (6-FAM) was paired with an unlabeled 
reverse primer to create a DNA fragment with only one 5ʹ -fluorescently labeled strand 
(Figure 4.2).  Primers LR207 FAM and LR200 were used to amplify top-strand labeled 
attL and primers LR200 FAM and LR207 were used to amplify bottom-strand labeled 
attL from pLR20 (Table 4.1).  Primers LR193 FAM and LR212 were used to amplify 
top-strand labeled attR and LR212 FAM and LR193 were used to amplify bottom strand-
labeled attR from pLR20 (Table 4.1).  To generate attN1 footprinting substrate from 
plasmid template pJWS200, LR193 FAM and LR200 were used to amplify top-strand 
labeled substrate and LR200 FAM and LR193 were used to amplify bottom-strand 
labeled substrate (Table 4.1).  DNA containing labeled attachment sites was extracted 
from agarose gels using a Qiagen Gel Extraction kit as described by the manufacturer. 
 IntN1 and Orf2x were diluted to the appropriate final concentrations in IHF 
dilution buffer (50 mM Tris-HCl, pH 7.4, 10% glycerol, 800 mM KCl, 2 mg/ml BSA), 
then incubated with 1 pmol of DNA in a mixture containing 3 mM CaCl2, 7 mM MgCl2, 
9.5% glycerol, 50 mM Tris-HCl, pH 7.4, 25 µg/mL BSA) for 30 minutes at room 
temperature.  DNase I (Worthington) diluted in DNase I dilution buffer (2.5 mM MgCl2, 
0.5 mM CaCl2, 10 mM Tris-HCl, pH 7.6, 0.1 mg/ml BSA) to a final concentration of 
0.0625 µg/mL was incubated with reactions for 1 minute.  The reactions were quenched 
by the addition of 20 µL of 0.5 M EDTA.  DNA fragments were purified using a Qiagen 
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PCR Purification kit and analyzed by the UIUC Core Sequencing Center using Applied 
Biosystems’ GeneMapper Software (Version 3.7).   
 To generate sequencing ladders so that exact regions of DNase I protection could 
be identified, a Thermo Sequenase Dye Primer Manual Cycle Sequencing Kit by USB 
was utilized essentially according to the manufacturer’s instructions.   
In vitro integration assays with substrates containing arm-type site mutants 
 IntN1 arm-type sites identified using DNase I footprinting were mutated by 
inserting AatII restriction sites into each arm-type site.  A derivative of pGEM-T 
containing the attN1 sequence, pJWS200, was used as a template for the mutagenesis 
reactions.  Primers containing each of the mutations are listed in Table 1.  Mutations were 
constructed using the Quikchange II mutagenesis kit (Agilent) and potential mutants were 
identified and screened as described previously (41). 
 In vitro integration assays were utilized to determine the effects of the arm-type 
mutations on integration frequency.  Assays were performed in 20 µL reaction volumes 
as described previously (26) with minor modifications.  Approximately 0.2 µg of 
pJWS200 containing either wild-type or mutant attN1 was incubated with 1.5 pmol of 
radiolabeled attBT1-1 substrate along with 0.11 µM IntN1, 3 pmol of E. coli IHF, and 
reaction buffer (50 mM Tris-HCl, pH 8.0, 70 mM KCl, 10% glycerol, 1 mM EDTA, 0.2 
mg/mL BSA, 5 mM DTT, and 5 mM spermidine).  Reactions were incubated at 37˚C 
overnight and then quenched with 10 µL a solution containing 30% glycerol, 10% SDS, 
0.5% xylene cyanol, and 0.5% bromophenol blue. Ten µL of each reaction was loaded 
onto a 1% agarose gel and electrophoresed at 120 V for 2 hours, and then the gel was 
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dried for 1 hour and exposed to imaging plates for four hours.  The gels were visualized 
using FujiFilm FLA-3000 PhosphorImager and FujiFilm Image Gauge software (version 
3.4 for Macintosh).  Percent recombination was calculated by dividing the number of 
counts in the linear recombinant product by the total number of counts for a given 
reaction. 
RESULTS 
Purification of IntN1 
In a previous study, IntN1 was partially purified using heparin-agarose 
chromatography and used in in vitro recombination assays to study NBU1 integration 
(25, 26).  The BL21 (DE3) strain used to overexpress intN1 also expressed wild-type 
integration host factor (IHF).  IHF is a DNA binding protein that interacts with specific 
sites in DNA and can also bind nonspecifically to DNA (6, 8, 12).  We were concerned 
that IHF might co-purify with IntN1 and consequently might affect patterns of protection 
in DNase I footprinting experiments.  Accordingly, we purified IntN1 from a BL21 
(DE3) strain that has a mutation in ihfA as described in Materials and Methods.  This 
preparation was estimated to be approximately 90% pure and was used for additional 
experiments examining IntN1 interactions with attachment site DNA.  
DNase I footprinting of IntN1      
 DNase I footprinting was employed to identify the binding site(s) of IntN1 on the 
NBU1 attachment sites. PCR primers containing 6-carboxyfluorescein phosphoramidate 
(6-FAM) were used to label the top or bottom strands of attL, attR, or attN1 as described 
in Materials and Methods and shown in Figure 4.2.  Regions of protection from DNase I 
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cleavage on the top strand of attL in the presence of IntN1 are shown in Figure 4.4A.  
Nucleotides are numbered depending on location relative to the middle base of the 
overlap sequence which is denoted “0.”  Bases to the left of the overlap sequence are 
assigned negative numbers and bases to the right are given positive numbers (8).   There 
is a region of protection located from positions -14 to +14 relative to the central base in 
the overlap sequence (Figure 4.4A).  Since the region includes the sites of cleavage and 
strand exchange, it is likely that there are two core-type sites located adjacent to the 
overlap sequence (Figure 4.4B).  Like other tyrosine recombinases, IntN1 likely binds to 
these sites while performing catalysis during excision.  We have named these sites Nʹ and 
B.  IntN1 protection corresponding to the B and Nʹ core-type sites was also detected  on 
the bottom strand of attL from positions -16 to +17 (data not shown).  Similar IntN1 
protection in the attR core region was also detected from positions -19 to +17 on the top 
and bottom strands, corresponding to two core-type binding sites.  The DNase I footprint 
of IntN1 on the bottom strand attR core is shown in Figures 4.5A and 4.5B.  We have 
denoted these core-type sites N and Bʹ.  Similar patterns of protection were also seen on 
the top strand of attR and the top and bottom strands of attN1 (data not shown). 
 In addition to the core-type sites, IntN1 arm-type sites were also identified 
through the DNase I footprinting experiments.  Two regions of protection were detected 
on the top strand of attL.  One, called DR2a, extends from positions +22 to +28 (Figure 
4.4A and Figure 4.4B).  There is also a region of enhanced DNase I cleavage located 
immediately upstream of DR2a (+19 to +21).  An enhancement is also visible in DR2a at 
position +26.  A second site named DR2b was detected from positions +33 to +40 
(Figure 4.4A and 4.4B).  Protection corresponding to the DR2a and DR2b arm-type sites 
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are also detectable on the bottom strand of attL from positions +17 to +28 and positions 
+33 to +40, and they were also detected on attN1 (data not shown).  Two additional arm-
type sites were also identified on attL.  A site named DR3a was observed on the top and 
bottom strands from +141 to +150 (data not shown).  In addition, weak protection from 
DNase I cleavage was detected on attN1 from position +157 to +161 on the top and 
bottom strands of attN1 (data not shown).  We have named this arm-type site DR3b. 
 Two arm-type sites were also detected on attR.  IntN1 protection was observed 
from approximately positions -95 to -81 on the top strand of the excisive attachment site 
attR (data not shown).  Another footprint was identified immediately downstream from 
positions -77 to -71 (data not shown).  We believe this region contains two arm-type 
sites, which we have named DR1a and DR1b (data not shown).  DR1a and DR1b were 
also detected on the bottom strand of attR from position – 95 to -84 and position -80 to -
75 (data not shown).  In total, we have identified four core-type sites and six arm-type 
sites through DNase I footprinting studies (Figure 4.12).   
The DR1a, DR1b, DR3a and DR3b arm-type sites are required for in vitro 
integration 
 Presumably, specific IntN1 interactions with arm-type sites are required for the 
integration and excision of NBU1.  In the lambda system, the P1 and Pʹ3 arm-type sites 
are required for integration, the P2 arm-type site is required for excision, and intact Pʹ1 
and Pʹ2 arm-type sites are necessary for both integration and excision (2, 11, 22).  To 
determine which IntN1 arm-type sites are required for integration, site-directed mutations 
were constructed in each of the arm-type sites.  In previous studies on the lambda system, 
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multiple base pair mutations in some arm-type sites were necessary for detectable effects 
on recombination (2, 22).  Cooperative interactions are involved in Lambda Int binding to 
att DNA, and changing a single base pair in one of the arm-type sites was not necessarily 
sufficient to affect Int binding (2, 22, 29, 39).  AatII sites were inserted in each IntN1 
arm-type site to change the sequence of the binding sites as well as possibly disrupt any 
cooperative IntN1 interactions.  The AatII mutations changed six base pairs in each arm-
type site (Figure 4.13B).  The mutated arm-type sites were then tested in an in vitro 
integration assay. 
 The results of the in vitro integration assays are shown in Figure 5.  AatII 
mutations in the DR2a and DR2b arm-type sites did not affect the integration frequency 
(Figure 4.6, lanes 5 and 6).  Mutations in the DR1a and DR1b arm-type sites reduced 
integration to barely detectable levels, demonstrating that intact DR1a and DR1b arm-
type sites are important for efficient integration (Figure 4.6, lanes 3 and 4).  The DR3a 
and DR3b arm-type sites are also required for in vitro integration, since mutations in 
either site abolished detectable recombination (Figure 4.6, Lanes 7 and 8).     
In a previous study, mutations were constructed in the sites we identified here as 
DR1b, DR2b and DR3b and the effects of the mutations were tested using an in vivo 
integration assay in E. coli (30).  The results of the in vivo integration assays 
demonstrated that the mutated regions in what has now been identified as the DR1b and 
DR3b arm-type sites were required for efficient integration, while a mutation in the 
region containing the DR2b arm-type site had a minimal effect on integration frequency 
(30).  At the time these experiments were performed, it was not known whether these 
sites were IntN1 arm-type sites or host factor binding sites.  These results described 
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above agree with the experiments performed by Schmidt et al. (30).  However, they also 
show that the DR1b and DR3b sites are arm-type sites.  In addition, the experiments 
detailed above also demonstrate that the DR1a and DR3a arm-type sites are also required 
for NBU1 integration. 
Orf2x interacts specifically with attL 
 Orf2x is one of two NBU1 encoded proteins absolutely required for excision (N. 
Shoemaker, unpublished results).   The role of Orf2x in NBU1 excision had not been 
examined, although the presence of a potential helix-turn-helix motif suggested that it 
may be a DNA binding protein.  We wanted to determine if Orf2x interacted specifically 
with attL or attR.  Orf2x was expressed in E. coli and crude extract was used in gel shift 
assays with radiolabeled DNA fragments containing either attL or attR.  Orf2x was able 
to shift the attL fragment, but no DNA binding was detected when Orf2x was incubated 
with attR (data not shown).  An E. coli crude extract containing pET27b empty vector did 
not bind to the NBU1 attL or attR sites (data not shown).  In addition, Orf2x did not shift 
a radiolabeled DNA substrate containing the attL site from CTnDOT, another mobile 
genetic element found in Bacteroides (data not shown).  These findings demonstrated that 
Orf2x interacted specifically with the attL sequence of NBU1. 
 Orf2x was partially purified using heparin-agarose and SP cation exchange 
chromatography as described in Materials and Methods.  Gel shifts with labeled attL 
were utilized to monitor Orf2x activity following each purification step.  A 12 kDa band 
corresponding to Orf2x was identified (Figure 4.7A, lanes 2-4).  Liquid chromatography 
mass spectroscopy was used to confirm the identity of the 12 kDa band as Orf2x.  We 
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estimate that Orf2x was approximately 80% pure following the two purification steps 
(Figure 4.7A, lane 4).  The partially purified Orf2x shifts attL (Figure 4.7B, lanes 2 and 
4).  A preparation of empty vector purified using the same protocol did not bind the 
labeled DNA (Figure 4.7B, lane 3).  This preparation of Orf2x was used for further DNA 
binding and footprinting experiments.   
DNase I footprinting of Orf2x on attL 
 DNase I footprinting was employed to identify the binding site(s) of Orf2x on 
attL.  Primers containing 6-carboxyfluorescein phosphoramidate (6-FAM) were used to 
label the top and bottom strands of attL as described in Materials and Methods.  The 
results of DNase I footprinting of Orf2x on the bottom strand of attL is shown in Figure 
4.8A.  Unfortunately, the region of attL where Orf2x binds does not contain many sites 
susceptible to DNase I cleavage.  As a result, it is difficult to identify the exact sites 
bound by Orf2x.  However, two regions of protection from DNase I cleavage showing a 
reproducible reduction in peak height were observed in the presence of Orf2x.  One 
region was detected from positions +106 to +118 (Figure 4.8A).  Protection was 
especially pronounced from positions +106 to +108 and +116 to +118.  Enhanced DNase 
I cleavage was also detected from positions +111 to +113.  As is described below, we 
have denoted this region O1.  Another region of protection was also detected on attL and 
spans from positions +125 to +142.  The region is dA+dT-rich and protection seen from 
positions +125 to +129 is subtle because DNase I does not cleave DNA efficiently in this 
region.  This pattern was seen in four independent footprinting experiments (data not 
shown).  Enhanced cleavage in the presence of DNase I is also visible at position +132 
(Figure 4.8A).  The DNase I footprint of Orf2x is most visible with a 1:4 dilution of the 
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partially purified Orf2x, as seen in panel 3 of Figure 6A.  If Orf2x is diluted to 1:16, the 
two footprints disappear (data not shown).  An illustration showing the positions of the 
regions of Orf2x protection relative to the overlap sequence and direct repeats are shown 
in Figure 4.8B.  These results suggest that there are either two Orf2x binding sites from 
positions +106 to +118 and positions +125 to +142, or one large site.   
 Attempts to detect interactions with Orf2x and the top strand of attL were 
unsuccessful despite repeating the experiments multiple times.  Possible explanations for 
differences in Orf2x protection on the top and bottom strands of attL are presented in the 
Discussion. 
A dA+dT-rich element is important for Orf2x binding  
 As described above, two regions of protection from DNase I cleavage in the 
presence of Orf2x were detected on the bottom strand of attL (Figure 4.8A).  It was not 
clear whether each region represented a distinct Orf2x binding site, or if attL contains 
only one Orf2x binding site.  To determine how many Orf2x binding sites were present 
on attL, gel shift assays were performed with complementary oligonucleotides containing 
both regions of protection seen in DNase I footprinting experiments.  A single shift was 
observed when Orf2x was incubated with a substrate containing both regions (Figure 
4.9).  At the highest concentration, the Orf2x appeared to aggregate with the DNA 
(Figure 4.9, lane 2), but one shift was clearly visible when Orf2x was diluted (Figure 4.9, 
lanes 3-10).  This result suggests that there is only one Orf2x binding site, although it was 
also possible that Orf2x binding may be highly cooperative and the observed shift is two 
Orf2x dimers complexed with DNA. 
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 To further analyze Orf2x interactions with attL, gel shift assays were performed 
with substrates containing various deletions or mutations in each of the regions where 
Orf2x protection was detected in DNase I footprinting experiments.  All substrates 
(excluding truncated substrates) are the same size as the wild-type substrate used in 
Figure 7A.  Gel shift substrates containing the dA+dT rich element alone were not shifted 
by Orf2x (data not shown).  If the dA+dT rich element was left intact but the O1 site 
sequence was changed to the complementary sequence, no detectable shift was seen (data 
not shown), demonstrating that the O1 site must be intact for Orf2x binding.  
Interestingly, Orf2x did not shift a substrate containing only the O1 site but lacking the 
dA+dT rich element (Figure 4.10, lanes 9-11). This result showed that O1 by itself was 
not sufficient for Orf2x binding.    
To elucidate the importance of the dA+dT rich element, gel shifts were performed 
with substrates containing two different types of changes to the dA+dT rich element.  
First, a substrate with the dA+dT rich element changed to the complementary sequence 
and wild-type O1 region (denoted “O1 intact A/T Comp” in Figure 4.10) was tested, and 
Orf2x was shown to weakly shift the substrate (Figure 4.10, lanes 1-4).  The affinity of 
Orf2x for this substrate appeared to be reduced compared to the wild-type substrate 
(Figure 4.10, lanes 2-4 as compared to Figure 4.9, lanes 3-10).  Next, the dA+dT base 
pairs in the dA+dT rich element were changed to dG+dC base pairs (denoted “O1 intact 
A/T to G/C”) to alter the dA/dT content of the region.  Orf2x weakly shifted this 
substrate, and Orf2x appeared to have slightly less affinity for the “A/T to G/C” substrate 
than the “A/T Comp” substrate (Figure 4. 10, lanes 6-8 as compared to 2-4).  We 
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interpret these experiments to show that Orf2x binds to the O1 site, and that flanking 
DNA containing a dA+dT rich sequence is required for efficient Orf2x binding. 
Orf2x facilitates IntN1 binding to attL 
 To determine whether Orf2x can facilitate IntN1 binding, radiolabeled attL DNA 
was incubated in the presence of IntN1 and Orf2x.  IntN1 alone was unable to shift attL 
(data not shown).  Orf2x binding to attL is shown in Figure 4.11, lanes 2 and 3, and IHF 
also shifted attL. (Figure 4.11, lane 4).  When IntN1 is incubated with attL in the 
presence of IHF, a supershifted complex is visible (Figure 4.11, lane 5).  A slower 
migrating supershifted complex is also present when IntN1 is incubated with attL and 
Orf2x, demonstrating that Orf2x can facilitate IntN1 binding to attL (Figure 4.11, lane 6).  
It is possible that Orf2x bends the DNA and brings IntN1 core-type binding sites in closer 
proximity to arm-type binding sites and facilitates the formation of an intasome.  This 
action may be required for intasome formation on attL. 
DNase I footprinting of IntN1 and Orf2x  
 As described above, one of the surprising findings from the DNase I footprinting 
studies is the absence of a detectable Orf2x footprint on the top strand of attL.  It is rare 
for a protein to footprint on only one strand, although it has been seen with another 
excisionase protein, P22 Xis (17).  We were interested in determining whether the 
presence of IntN1 in footprinting reactions with Orf2x resulted in a detectable Orf2x 
footprint on the top strand of attL.  Both IntN1 and Orf2x were added at concentrations 
where either protein alone showed complete protection of the observed binding sites (43).  
As shown in Figure 4.12, a region of protection at the same location as the Orf2x O1 
112 
 
binding site on the bottom strand of attL is visible on the top strand from positions +112 
to +118.  IntN1 alone did not footprint in this region (data not shown) so we believe that 
this protection from DNase I cleavage is due to Orf2x binding.  There is additional 
protection from positions +121 to +123 (Figure 4.12).  Previous DNase I footprinting 
with IntN1 alone showed a small region of protection from positions +121 to +123 (data 
not shown) so we cannot specify which protein is binding that region in top strand 
footprinting experiments containing both proteins.  It is difficult to detect the dA+dT rich 
element because it overlaps partially with IntN1 arm-type site DR3a (Figure 4.12).  
Protection was seen from positions +146 to +157 and this may correspond to either IntN1 
binding to DR3a or Orf2x interactions with the dA+dT rich element (Figure 4.12).  It is 
possible that the presence of IntN1 may affect Orf2x interactions with attL, thus enabling 
detection of Orf2x binding at the O1 site.   
DISCUSSION 
Many site-specific recombination systems display directionality by regulating the 
expression of RDFs that promote excision reactions.  Excision systems can be simple or 
complex depending upon the number of RDFs involved.  The lambda and HK022 
systems are examples of simple systems that utilize one RDF for excision (4, 42).  In 
contrast, complex systems like NBU1, CTnDOT, and Tn4555 use several element-
encoded RDFs (5, 23, 33).  Efficient NBU1 excision requires the tyrosine recombinase 
IntN1, Orf2x, three additional NBU1-encoded proteins (Orf2, Orf3, PrmN1) as well as a 
cis-acting DNA sequence (33).  The functions of these proteins during NBU1 excision 
are not well understood.   Orf2x has no close homologues, although it shares a helix-turn-
helix motif and other similar characteristics with Xis of Tn4555 (23, 33).  Exactly why 
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NBU1and Tn4555 excision involve multiple proteins and (in the case of NBU1) a cis-
acting DNA sequence are not known, but the additional complexity may be required for 
coordination with the co-resident CTn to prevent transfer before the element is fully 
excised (33).   
 A previous study had identified direct repeat sequences that were important for 
NBU1 integration, but it was not known whether the direct repeats contained IntN1 
binding sites (30).  It was also possible that the direct repeats could be binding sites for 
the Bacteroides host factor. In this report we have identified the binding sites of IntN1 
and Orf2x using DNase I footprinting.  Like other tyrosine recombinases that display 
directionality, IntN1 interacts with two different classes of DNA binding sites.  The CB 
and CAT domains bind core-type sites N and Nʹ on attN1 and B and Bʹ on attBT1-1 in the 
Bacteroides chromosome, while the N domain interacts with six arm-type sites (Figure 
4.13).  Consensus sequences were derived by comparing the arm- and core-type sites to 
one another (Figures 4.14A and 4.14B).  The core-type sites do not share many base pairs 
in common, thus the consensus sequence is weak.  The only sequence conservation in all 
four core-type sites is a cytosine at position +4 of the N and B sites and position -4 of the 
Nʹ and Bʹ sites (Figure 4.14A).  The core-type binding sites of other well-characterized 
tyrosine recombinases such as lambda Int and IntDOT of CTnDOT show stronger core-
type binding site consensus sequences (8, 27, 28).  The arm-type sites have a much 
stronger consensus sequence (Figure 4.14B), including six of nine bases that are found in 
all six sites and two bases that are found in five of six sites.  The spacing between pairs of 
arm-type sites was also remarkably consistent.  The pair of arm-type sites in each direct 
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repeat was separated by four base pairs, and at least three of the base pairs were A/T base 
pairs (Figure 4.13).   
 Mutagenesis studies showed that the DR1a, DR1b, DR3a and DR3b sites are 
required for efficient in vitro integration (Figure 4.6).  It is likely that IntN1 interactions 
with these four arm-type sites are required to promote integrative recombination.  NBU1 
resembles other systems including lambda, CTnDOT, and mycobacteriophage L5, which 
also require multiple intact arm-type sites for integration (2, 11, 22, 24, 41).  As described 
below, the DR2a and DR2b arm-type sites may be important for excision.  Due to the 
complexity of the NBU1 excision reaction, there is currently no in vitro excision reaction 
to examine the importance of the DR2a and DR2b sites or the other arm-type sites in 
NBU1 excision.  Experiments are currently underway to develop an in vitro excision 
assay so that the roles of the arm-type sites can be further elucidated.   
 A unique feature of the arrangement of IntN1 binding sites is the close proximity 
of the Nʹ core-type site to the DR2a arm-type site (Figure 4.13).  In other site-specific 
recombination systems including lambda, P22, Tn916, and CTnDOT,  there are at least 
forty base pairs between the central base in the overlap region and the nearest arm-type 
site (Figure 4.15) (1, 8, 16, 27, 35).  There are also host factor and/or excisionase binding 
sites between the core and the nearest arm-type site in the aforementioned systems.  The 
DR2a arm-type site is separated from the Nʹ core-type site by only five base pairs so there 
is insufficient room for an accessory factor to bind between the two binding sites (Figure 
4.15).  It is possible that IntN1 monomers bound at DR2a or DR2b sites on attL are 
involved in intermolecular bridging since direct interactions of an IntN1 bound to the 
DR2a arm-type site with the core would be hindered by the close proximity of the 
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binding sites.  IntN1 monomers bound at DR2a or DR2b may be able to simultaneously 
bind to N or Bʹ on attR.  This possibility is supported by the results of mutagenesis 
studies that demonstrated that DR2a and DR2b are not necessary for integration (Figure 
4.6).  In the lambda system, Int is capable of intermolecular interactions between attL and 
attR during excision (13, 14).  It is also conceivable that DR2a and DR2b may be 
gratuitous arm-type sites and thus play no role in the integration or excision reactions.  
Other systems have arm-type sites that are not required for either reaction (15, 41), and 
DR2a and DR2b may also be unnecessary for the integration and excision of NBU1.  
 DNase I footprinting experiments have also identified what appears to be an 
Orf2x binding site as well as a flanking dA+dT rich element necessary for Orf2x binding 
(Figure 4.13; Figure 4.8A).  Both regions are located near the end of attL proximal to the 
core (Figure 4.13; Figure 4.8B).  Since only one shift was visible in gel shift assays, we 
believe that Orf2x is only binding to the O1 site, while the flanking DNA is necessary for 
Orf2x binding to O1.  IHF also requires an intact upstream dA+dT rich element to bind to 
the H2 and Hʹ sites on the E. coli chromosome, and this region is protected from nuclease 
digestion by IHF binding (10).  Even with the sequence of the dA+dT rich element 
changed significantly, Orf2x is still able to bind to a substrate containing an intact O1 site 
(Figure 4.10).  This result suggests that flanking DNA is necessary for Orf2x binding to 
the O1 site, but the sequence of the flanking DNA is not as important.  The Orf2x dA+dT 
rich element partially overlaps with the DR3a arm-type site.  It is possible that Orf2x 
interactions with the dA+dT rich element may preclude IntN1 from binding to DR3a, 
thus preventing an interaction necessary for integration.  The requirement for an intact 
DR3a arm-type site for detectable in vitro integration (Figure 4.6) supports this idea.  In 
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the lambda system, the P1 arm-type site is required for efficient integration (2, 11, 22).  
Lambda Xis inhibits Int binding to the P1 site, which promotes excisive recombination 
(20), and it is possible that Orf2x may similarly promote NBU1 excision.     
 Despite repeated attempts with multiple Orf2x concentrations, we were unable to 
detect an Orf2x footprint on the top strand of attL when Orf2x was incubated alone with 
DNA (data not shown).  We do not understand the basis of this result; however, DNase I 
cuts well in this region, so we do not believe the lack of a detectable footprint is due to 
inadequate cleavage.  Most proteins produce DNase I footprints on both the top and 
bottom strands, although there are exceptions. The Xis of bacteriophage P22 produced a 
strong footprint on the top strand but not the bottom strand of the phage excisive 
attachment attR (17).  We wanted to determine if Orf2x would footprint more efficiently 
on the top strand of attL if IntN1 was also present.  Interestingly, Orf2x protection at the 
O1 binding site was observed on the top strand of attL if IntN1 was also present (Figure 
4.12).  Since IntN1 alone did not footprint in this region, we believe that the observed 
protection is due to Orf2x binding to O1.  It is possible that the presence of IntN1 may 
affect or even enhance Orf2x interactions with the O1 binding site.  In the lambda 
system, DNase I footprinting experiments performed with Xis and Int demonstrated that 
observed DNA sequences protected from DNase I cleavage were the sum of the those 
protected by each protein individually (43).  DNase I footprinting experiments have also 
shown that the integrase of Mycobacteriophage L5 (Int-L5) cannot interact with the 
P1/P2 arm-type sites unless Xis-L5 is also present (15).  NBU1 may be the first example 
of a site-specific recombination system where the presence of the integrase changes the 
footprint of an excisionase on attachment site DNA. 
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 This is the first study to characterize the protein/DNA interactions required for 
NBU1 excision.  The functions of the other NBU1 excision proteins Orf2, Orf3, and 
PrmN1 are not known.  Preliminary gel shift analyses have suggested that Orf2 and 
PrmN1 do not bind attL, attR, or the oriT; however, Orf3 shifts attL and the XRS (L. 
Rajeev, unpublished results).  Future studies will be undertaken to determine how these 
other proteins contribute to the complex NBU1 excision reaction.   
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TABLES AND FIGURES 
Table 4.1: Bacterial strains, plasmids, and oligonucleotides used in this study. 
Strain Genotype/Phenotype Source 
DH5αMCR F_ mcrA (mrr-hsdRMS-
mcrBC)  
80dlacZM15 (lacZYAargF) 
U169 endA1 recA1 supE44 
I-thi-1 gyrAa96 relA1 
Gibco BRL 
BL21 (DE3) F- ompT hsdSB(rB- mB-) gal 
dcm(DE3) 
Promega 
BL21(DE3) ihfA Deletion of ihfA Laboratory strain 
 
Plasmid Description Reference 
pET28_intN1 intN1under T7 control in 
pET28 
(25) 
pJWS200 pGEM-T containing attN1; 
template for site-directed 
mutagenesis of arm-type 
sites 
(30) 
pLR20 Cointegrate plasmid formed 
following recombination 
between pJWS200 (attN1) 
and pJWS14  (attBT1-1I); 
contains attL and attR  
L. Rajeev 
(unpublished) 
pLR21 orf2x under T7 control in 
pET27b 
L. Rajeev 
(unpublished) 
 
Oligonucleotide Sequence (5ʹ-3ʹ) Purpose Reference 
NdeI-orf2x CCC GAA GCA 
TAT GAC AGA 
CAT ATT GGC 
AAT TAT CC 
Cloning of orf2x 
into overexpression 
vector 
L. Rajeev 
(unpublished) 
orf2x-EcoRI TCG AAT TCT 
TAG ATT AAA 
GGA TTG TGT 
TCA CC 
Cloning of orf2x 
into overexpression 
vector 
L. Rajeev 
(unpublished) 
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Table 4.1 (cont.) 
LR2071 CCT TCT GGT 
AGT GCA CAT 
TAG AAA GAA 
ATA CCC TAT 
AAC 
attL amplification L. Rajeev 
(unpublished) 
LR2001 ATA TTT TCC 
CCA CAT TTT 
CCC CAC ATC 
TGC T 
attL and attN1 
amplification 
L. Rajeev 
(unpublished) 
LR1931 GAC TTA CTG 
CTA TAT TTT TTG 
CAC GTG TGG GG 
attR an attN1 
amplification 
L. Rajeev 
(unpublished) 
LR2121 CGT ATC TTT 
GCA CCG CAA 
TTG AGA AAT 
CAA GC 
attR amplification L. Rajeev 
(unpublished) 
MM2081 CAT AGA CTT 
TCA GGT TGA 
ATT TTA CTC TGC 
TGC 
attL amplification 
and sequencing 
This study 
attBT1-1 T4 TCT TAG CTT TTC 
GTG GTA CCC 
AGA C 
IntN1 cleavage 
assays 
(25) 
attBT1-1 bottom CAT CCC GGT 
TCG ACC CCG 
GGT CTG GGT 
ACC ACG AAA AG 
IntN1 cleavage 
assays 
(25) 
DR1a mut corr2 GCT ATA TTT TTT 
GCG ACG TCG 
GGG AAA ATG 
TGG GGA AAA 
TTC AAG C 
Site-directed 
mutagenesis of 
DR1a 
This study 
DR1b mut2 GCA CGT GTG 
GGG AAA GAC 
GTC GGA AAA 
TTC AAG CAA 
AAG AAA AAG C 
Site-directed 
mutagenesis of 
DR1b 
This study 
DR2a mut2 GAA ATA ATT 
AGA CGT CGG 
AAA ATG TGG 
GTA AAA AGA 
AAA ATG CGG 
Site-directed 
mutagenesis of 
DR2a 
This study 
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Table 4.1 (cont.) 
DR2b mut2 GAA ATA ATT AAA 
GTG GGG AAA 
GAC GTC GTA AAA 
AGA AAA ATG 
CGG 
Site-directed 
mutagenesis of 
DR2b 
This study 
DR3a  mut2 GCA AAA TAT TTA 
GCA GGA CGT 
CGG AAA ATG 
TGG GGA AAA TAT 
TTA TAT TTG C 
Sire-directed 
mutagenesis of 
DR3a 
This study 
DR3b mut2 
 
GCA GAT GTG 
GGG AAA GAC 
GTC GGA AAA TAT 
TTA TAT TTG CAG 
C 
Site-directed 
mutagenesis of 
DR3b 
This study 
1 Primers were ordered with 5ʹ 6-carboxyfluorescein phosphoramidate (FAM) labels and 
paired with an unlabeled reverse primer for amplification of footprinting substrates. 
2Only the top strand of each pair of mutagenesis primers is shown. 
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Figure 4.1:  Region of NBU1 involved in excision.  Black arrows indicate genes 
absolutely required for excision.  Gray arrows denote genes involved in excision.  The 
oriT is indicated by the gray circle, and the gray rectangle represents 2/3 of the mobN1 
gene; both are part of the “excision required sequence” or XRS.  The XRS is necessary 
for efficient excision. 
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Figure 4.2:  Schematic showing the construction of DNA fragments attN1, attL, or attR 
for DNase I footprinting.  One primer containing a 6-carboxyfluorescein 
phosphoramidate (FAM) label was paired with an unlabeled primer to generate DNA 
fragments containing either a top or bottom strand label.  Arrows represent the location 
where primers anneal during PCR reactions.  The overlap sequence is indicated by a 
green box.  Direct repeats identified in a previous study (30) are shown as purple boxes.  
The number “0” indicates the central base in the overlap sequence.  Bases to the left of 
the overlap sequence are given negative numbers and bases to the right are given positive 
numbers.     
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Figure 4.3:  SDS-PAGE analysis of IntN1 protein samples following purification.  IntN1 
was overexpressed and purified as described in Materials and Methods.  The predicted 
molecular weight of IntN1 is 53 kDa. Lane 1, E. coli crude extract containing IntN1; lane 
2, IntN1 following heparin-agarose chromatography; lane 3, IntN1 following heparin and 
gel filtration chromatography before dialysis into storage buffer; lane 4, IntN1 as 
described in lane 3 but following dialysis into storage buffer; lane 5, Benchmark ladder  
(Invitrogen).  
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Figure 4.4:  (A) DNase I footprint of IntN1 on the top strand of attL.   Protection from 
DNase I cleavage in the presence of IntN1 was detected around the core from positions    
-14 to +14.  Protection at DR2a was detected from positions +19 to +28, and DR2b was 
detected from positions +33 to +40.   Panel 1 shows a purine ladder generated using di-
deoxy sequencing reactions with the same 6-FAM-labeled primer used to make the 
footprinting substrate; green denotes Adenine and black denotes Guanine.  Panel 2 shows 
a DNase I digestion of top strand labeled attL in the absence of IntN1.  Panels 3 through 
5 show footprinting reactions with decreasing concentrations of IntN1.  The 
concentrations of IntN1 are indicated on the left sides of panels 3 through 5.  Regions of 
protection from DNase I cleavage are denoted with bold black lines, and locations of 
enhanced cleavage are marked by asterisks.  (B)  IntN1 protection corresponding to the 
core-type sites and two arm-type sites on attL.  Bolded bases  denote regions protected 
from cleavage by DNase I in the presence of IntN1.  Asterisks denote regions of 
enhanced DNase I cleavage in the presence of IntN1.   Black boxes denote core-type sites 
B and Nʹ, and gray boxes denote arm-type sites DR2a and DR2b.   The arrows denote the 
sites of IntN1 cleavage during recombination.  The overlap region is located between the 
Nʹ and B core-type sites, and the middle base of the overlap region is denoted “0.” Bases 
to the left of the overlap sequence are given negative numbers and bases to the right of 
the overlap sequence are given positive numbers.   
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(A) 
 
(B) 
 
Figure 4.5:  (A) IntN1 protection around the core of the bottom strand strand of attR.  
Protection from DNase I cleavage in the presence of IntN1 was detected from positions -
19 to +17. Panel 1 shows a sequencing ladder generated by di-deoxy sequencing 
reactions.  Green denotes Adenine, blue denotes Cytosine, black denotes Guanine and red 
denotes Thymine.  Panel 2 shows a no IntN1 control DNase I footprinting reaction.  
Panels 3 through 6 show footprinting reactions with decreasing dilutions of IntN1.  IntN1 
concentrations are shown at the left of panels 3 through 6.  (B) IntN1 protection around 
the attR core.  Bolded bases were protected from DNase I cleavage in the presence of 
IntN1.  The black boxes denote core-type sites N and Bʹ.  The arrows indicate the 
cleavage sites.  The system used to number the bases is described in the Results section. 
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Figure 4.6:   Results of an in vitro integration assay with attN1 substrates containing 
arm-type site mutations.  Assays were performed as described in Materials and Methods.  
Lane 1, 1 kb ladder; lane 2, wild-type attN1 site; lanes 3-8, attN1 containing one mutated 
arm-type site. 
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(A)     (B) 
 
Figure 4.7:  (A) SDS-PAGE analysis of Orf2x following partial purification.  Orf2x was 
overexpressed in an ihfA E. coli background and partially purified as described in 
Materials and Methods.  Lanes 1 and 5, Precision Plus Kaleidoscope Protein Standard 
(Bio-Rad); Lane 2, Orf2x pellet fraction; Lane 3, Orf2x following heparin-agarose 
chromatograph; Lane 4, Orf2x following heparin and SP cation exchange 
chromatography.  (B) Gel shift assays with a DNA substrate containing attL were used to 
detect Orf2x activity following purification steps.  pET27b empty vector was partially 
purified using the same protocol and served as a negative control.  Lane 1, free attL 
DNA; lane 2, Orf2x (pLR21) extract following heparin-agarose chromatography; lane 3, 
pET27b extract following heparin and SP chromatography; lane 4, Orf2x (pLR21) extract 
following heparin and SP chromatography.  
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(A) 
 
(B) 
 
Figure 4.8:  (A) DNase I footprint of Orf2x on the bottom strand of attL.  Fluorescently-
labeled attL DNA was PCR amplified and used in footprinting experiments with Orf2x.  
The top panel shows a sequencing ladder generated using di-deoxy sequencing reactions 
with the same FAM-labeled primer used to make the footprinting substrate.  Green 
denotes Adenine, blue denotes Cytosine, black denotes Guanine and red denotes 
Thymine. Panel 2 shows a DNase I digestion performed in the absence of Orf2x. Panels 3 
and 4 show footprinting reactions performed with decreasing concentrations of Orf2x.   
Orf2x dilutions are indicated to the left of panels 2 through 4.  Regions of protection from 
DNase I cleavage are denoted with bold black lines.  Asterisks denote sites of enhanced 
DNase I cleavage in the presence of Orf2x.  The identification of the binding sites is 
shown in the third panel.  (B) The Orf2x binding sites as determined by DNase I 
footprinting reactions.  Bolded bases were protected from DNase I cleavage in the 
presence of Orf2x.  The orange boxes denote the O1 site and the dA+dT rich element.  
Asterisks identify sites of enhanced DNase I cleavage in the presence of Orf2x. The 
system used for numbering the bases is described in the Results section. 
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Figure 4.9:  Gel shift assays with an attL substrate containing both intact regions that 
showed protection from DNase I cleavage in the presence of Orf2x.  Lane 1 is a control 
lacking Orf2x.  
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Figure 4.10:  Gel shift assays with attL substrates containing the O1 site with mutations 
in the dA+dT rich region or O1 without the flanking sequence.  The substrate utilized in 
lanes 1 through 4 contains an intact O1 site and the dA+dT rich region mutated to the 
complementary sequence, thus conserving the A/T content.  The substrate used in gel 
shifts shown in lanes 5 through 8 contains an intact O1 site and the dA+dT rich element 
where A/T base pairs were changed to G/C base pairs and the G/C base pairs were 
changed to A/T base pairs and A/T base pairs were changed to G/C base pairs.   The 
length of the substrates used in lanes 1 through 8 is the same as the substrate used in 
Figure 7A. The substrate used in gel shift assays shown in lanes 9 through 11 contains 
only an intact O1 site, thus it is shorter than the other gel shift substrates. 
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Figure 4.11:  IntN1and Orf2x interactions with attL.  10 nM of labeled attL DNA was 
incubated with Orf2x or IHF in the presence or absence of IntN1. Lane 1 shows DNA in 
the absence of protein.   
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Figure 4.12:  DNase I footprint of IntN1 and Orf2x on the top strand of attL.  Panel 1 
shows a di-deoxy sequencing ladder.  Green denotes adenine, blue denotes cytosine, 
black denotes guanine and green denotes thymine.  Panel 2 shows DNase I digestions of 
the top strand of attL.  A DNase I digestion in the absence of Orf2x is shown in red, and a 
DNase I digestion in the presence of Orf2x is shown in blue.  Panel 3 shows footprinting 
reactions of IntN1 and Orf2x together on the top strand of attL. Two DNase I digestions 
in the presence of Orf2x and IntN1 performed in duplicate are shown in blue, and a 
DNase I digestion performed in the absence of proteins is shown in red  The bases shown 
above Panel 1 are numbered according to convention as described in the Results section.   
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Figure 4.13:  IntN1 and Orf2x protection on attN1 as determined by DNase I 
footprinting analysis.  The black boxes indicate IntN1 core-type sites and the gray boxes 
denote arm-type sites.  The green box represents the common core region and the vertical 
arrows indicate the sites of cleavage.  IntN1 protection is shown by red bases, and 
enhancement of DNase I cleavage in the presence of IntN1 is shown by red asterisks.  
Orf2x protection is denoted by orange boxes.  
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(B) 
 
Figure 4.14:  (A) Alignment of four core-type sites as determined by DNase I 
footprinting.  The consensus sequence was derived by comparing the each base between 
the four core-type sites.  Y:  T or C; N: any base.  (B) Alignment of six arm-type sites as 
determined by DNase I footprinting. The consensus sequence is shown at the bottom.  
Bolded bases represent the region of each arm-type site that was mutated to an AatII 
restriction site for in vitro integration assays.  
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Figure 4.15:  Alignment of integrase binding sites from other site-specific recombination 
systems, which are denoted with arrows.  The “0” shown at the top of the figure 
represents the central base in the crossover region, with bases to the right indicated by 
positive numbers and bases to the left denoted with negative numbers.  The arrows 
represent integrase binding sites.  The core-type sites are inverted repeats that flank 
position 0.  The numbering and spacing is approximate and binding sites are not drawn to 
scale.  
 
 
 
 
 
 
 
140 
 
Chapter 5 
Summary and Future Directions 
 
SUMMARY 
 The CTnDOT encoded protein, IntDOT, is required for both the integration into 
and excision from the Bacteroides chromosome.  The C-terminus of the heterobivalent 
IntDOT protein interacts with core-type sites adjacent to the region of cleavage and 
strand exchange, while the N-terminus interacts with six arm-type sites distal to the core 
(1, 8).  Through my studies, I identified the R1ʹ arm-type site, which is required for in 
vitro integration.  An intact L1 arm-type site is also required for in vitro integration, and 
there also appears to be cooperative interactions between the R1, R2 and R2ʹ arm-type 
sites (8).  Using an intermolecular in vitro excision assay, I demonstrated that no arm-
type site is absolutely required for excision; however mutations in the R1ʹ, R1, and L1 
arm-type sites resulted in a 10 to 20-fold reduction in in vitro excision frequency (8).  
This result suggests that the action of accessory factors (such as Recombination 
Directionality Factor proteins Xis2c and Xis2d) may be more important for driving 
recombination towards excision than specific interactions between IntDOT and the arm-
type sites. 
 In addition to interactions with arm-type sites, tyrosine recombinases like IntDOT 
must also bind to core-type sites to catalyze recombination between att sites.  In the 
lambda system, Int has a much higher affinity for its arm-type binding sites than core-
type sites and is unable to shift substrates containing the attP core in gel shift assays.  
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However, Int can bind the attP core if annealed oligonucleotides containing the Pʹ1, 2 
arm-type sites are provided in trans (4, 5).  I performed gel shift assays with IntDOT 
containing the attDOT core and demonstrated that IntDOT can shift the attDOT core in 
the absence of arm-type site DNA in cis and trans (8).  IntDOT seems to have a higher 
affinity for its core-type sites than does Int from the lambda system.  If annealed 
oligonucleotides containing the wild-type arm-type sites were added to binding reactions, 
supershifted complexes were visible (8).  It appears that the presence of arm-type site 
DNA in trans promotes stable interactions between IntDOT and its cognate binding sites. 
 In the lambda system, interactions with arm-type sites are also important for 
regulating Int activity.  A lambda Int truncated mutant missing the N-terminal arm-
binding domain had increased cleavage and topoisomerase activity (5).  Moreover, the 
addition of annealed oligonucleotides containing the Pʹ1,2 arm-type sites in trans to 
cleavage reactions resulted in increased cleavage activity of wild-type Int (5).  Int binding 
to arm-type sites also facilitates the resolution of Holliday junctions (2).  These results 
seem to indicate that the N-terminus promotes the catalytic and/or binding activity at the 
C-terminus of the full-length lambda Int. 
There appeared to be a regulatory function served by the cooperative activity 
between the core- and arm-binding domains in Int.  Therefore, we performed IntDOT 
cleavage assays in the presence and absence of wild-type arm-type site DNA in trans to 
determine whether IntDOT binding to arm-type site DNA facilitated IntDOT cleavage 
activity.  Interestingly, adding annealed oligonucleotides containing wild-type arm-type 
site DNA decreased IntDOT cleavage activity.  This effect did not appear to be 
dependent on DNA sequence, since the addition of nonspecific annealed oligonucleotides 
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also resulted in less IntDOT cleavage activity.  It is possible that the C-terminus of 
IntDOT was binding nonspecifically to the DNA provided in trans.  Even though the 
addition of wild-type L1 DNA caused a modest ca. 2-fold increase in IntDOT ligation 
activity, it appears that under the conditions we tested the presence of arm-type site DNA 
does not stimulate IntDOT catalytic activity.  The CTnDOT system has more accessory 
proteins compared to the lambda system.  Perhaps one or more accessory proteins found 
to function with IntDOT serve the regulatory purpose that the cooperativity between the 
N- and C-termini of Int performs.   
 My second project focused on the excision of mobilizable transposon NBU1.  
NBU1 has a complex excision system, involving five element-encoded proteins, a 
Bacteroides host factor, and a DNA sequence encoded in cis known as the excision-
required sequence or XRS (7).  The site-specific excision systems of many other mobile 
genetic elements, including that of bacteriophage lambda, are less complicated.  The roles 
of the excision proteins had not been examined, so I purified the two NBU1-encoded 
proteins that are absolutely required for excision, IntN1 and Orf2x.  I utilized DNase I 
footprinting experiments and gel shift analyses to determine where both proteins bind 
during excision.  I identified four core-type sites (B and Nʹ on attL and N and Bʹ on attR) 
that are each presumably bound by the C-terminus of a monomer of IntN1 during 
excision.  In addition, IntN1 interacts with 6 arm-type sites that are oriented in three 
direct repeats:  DR1a, DR1b, DR2a, DR2b, DR3a and DR3b.  The DR1a, DR1b, DR3a 
and DR3b arm-type sites are required for in vitro integration, while the DR2a and DR2b 
arm-type sites were dispensable for integration.  One Orf2x binding site (O1) was 
identified as well as a dA+dT rich region that appears to be important for Orf2x 
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interactions with attL.  Orf2x also facilitates IntN1 interactions with attL in gel shift 
assays, suggesting that Orf2x may bend the DNA to bring the arm-type sites and core-
type sites into closer proximity.   
FUTURE DIRECTIONS 
Development of an in vitro NBU1 excision assay 
 Many of the studies detailed in this dissertation involved the characterization of 
IntN1 and Orf2x, the two proteins absolutely required for the excision of NBU1.  
However, the roles of Orf2, Orf3, PrmN1, and the XRS are not known.  Since there is no 
NBU1 in vitro excision assay, it is difficult to determine the possible functions of the 
proteins and XRS during excision.  Accordingly, one of the future directions for studying 
NBU1 excision is developing an in vitro excision assay.   
 The excision assay will involve utilizing lacZ as an indicator of in vitro excision.  
The NBU1 region spanning from attN1 through 2/3 of mobN1 has been cloned into an 
ampicillin-resistant pGERM plasmid.  The attBT1-1 target sequence has been cloned into 
pRA110, a pir-dependent kanamycin-resistant plasmid containing lacZ.  Both plasmids 
were incubated together in an in vitro integration reaction along with IntN1 and IHF to 
form a cointegrate plasmid containing attL and attR and both ampicillin and kanamycin 
resistances.  This cointegrate will be the substrate used in in vitro excision assays.  The 
cointegrate plasmid can be incubated with five NBU1 proteins involved in excision 
(IntN1, Orf2, Orf2x, Orf3 and PrmN1) as well as BHFa.  IntN1 and BHFa have been 
purified, and Orf2x has been partially purified.  The other excision proteins can be 
provided using E. coli crude extracts.  The excision reactions will then be transformed 
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into the pir minus strain DH5αMCR.  If excision occurs, recombination between attL and 
attR on the cointegrate will result in loss of kanamycin-resistance and lacZ and colonies 
will appear white on media containing ampicillin and X-gal.   
 The in vitro excision assay can be utilized to see if each of the proteins are needed 
for excision.  The assays can also be used to see if various deletions of attL, attR, and the 
XRS are still capable of undergoing excision.  We also hope to ascertain how Orf2, Orf3 
and PrmN1 are functioning in excision using these assays. 
Do IntN1 interactions with arm-type sites affect catalytic activity? 
 In the lambda system, Int interactions with the Pʹ1,2 arm-type sites stimulate 
cleavage activity as well as Holliday junction resolution (2, 5).  However, my work 
showed that IntDOT binding to arm-type sites in trans did not stimulate cleavage or 
ligation activity.  IntN1 is a heterobivalent tyrosine recombinase, like Int and IntDOT, 
and it is possible that IntN1 interactions with arm-type sites may be important for 
catalytic activity.  In vitro cleavage assays can be performed with annealed 
oligonucleotides containing IntN1 arm-type sites.  Initially, we will test annealed 
oligonucleotides containing the DR1a/DR1b and DR3a/DR3b since I have demonstrated 
experimentally that these four arm-type sites are necessary for in vitro integration.  It will 
be interesting to see if IntN1 binding to arm-type sites regulates catalytic activity. 
Crystallization of IntN1 
 IntN1 is unique in that it does not require homology between attN1 and attB to 
perform the first cleavage and strand exchange (3).  IntN1 can also tolerate mismatches 
between the sites of cleavage and strand exchange, and certain mismatches between 
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attN1 and attB resulted in increased integration frequencies (6).  IntN1 appears to use a 
catalytic mechanism that differs from that of other well-studied tyrosine recombinases 
like Int.  It is possible that a crystal structure may provide insights into its potentially 
novel mechanism.  I have purified the native form of IntN1 to approximately 90% 
homogeneity using heparin and size exclusion column chromatography.  We hope to 
crystallize IntN1 with core-type site DNA to determine which residues are important for 
interacting with DNA. 
Determination of the roles of Orf2, Orf3, and PrmN1 
 The studies detailed in Chapter 4 have examined the roles of IntN1 and Orf2x 
during the excision of NBU1.  The functions of Orf2, Orf3, and PrmN1 during excision 
have yet to be examined.  Preliminary gel shift data with E. coli crude extracts 
overexpressing Orf3 suggest that Orf3 may interact with attL and the promoter of mobN1, 
Pmob, although crude extracts containing Orf2 and PrmN1 did not shift Pmob, oriT, attL 
or attR (L. Rajeev, unpublished results). It is possible that Orf2 and/or PrmN1 may be 
involved in protein-protein interactions, so gel shifts can be performed with multiple 
proteins and various DNA substrates to look for supershifts indicative of multiple 
proteins binding DNA.  Alternatively, these large complexes could be studied with 
fluorescence anisotropy.  We plan on repeating gel shifts with Orf3, and if it does bind to 
attL and/or Pmob we will then purify Orf3 and use DNase I footprinting experiments to 
determine where it binds during NBU1 excision.  
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